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PREFACE. 


Electrical Engineering PracticBj like good wine, needs no bush ; for it 
has arrived at the dignity of a Fourth Edition in a period of eight 
years. In the present edition a great deal of new matter has been 
added and the book has been entirely re-arranged to suit its broadened 
scope. For obvious reasons the work is now issued in two volumes, 
and the division of subject-matter between them is such as will meet 
the convenience of readers. 

In this volume, Part I deals with definitions, materials, and measure- 
ments, embodying much information not included in the earlier 
editions. The generation and sale of electrical energy are treated in 
Part IL Care has been devoted to bringing these chapters into con- 
formity with recent developments in the policy and practice of electricity 
supply in this country. The authors* experience indicates that the notes 
on power factor, load factor, and diversity factor, and the chapters on 
power-house development and on water-power will be appreciated 
widely. 

Part III, on Transmission and Control, embodies new chapters on 
Switchgear and on the Protection of Machines and Circuits against 
abnormal conditions. It is believed that these will be found a valuable 
addition. 

Volume II, now in preparation, deals with transformation, con- 
version, and storage ; distribution and control in branch circuits ; 
applications of electrical energy ; and specifications, testing, rules and 
regulations. A considerable amount of fresh matter is being incor- 
porated in this volume also. 

Throughout the work the authors’ aim has been to give that 
information, and that alone, which will be found useful in practice. 
Wherever a statement capable of practical exemplification is made, the 
example follows hot-foot. The original author has so frequently found 
statements in technical books, apparently clear but actually susceptible 
of more than one interpretation ; where an example is given nq 
ambiguity is possible, 
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Many valuable criticisms of the Third Edition v^ere made in the 
course of the most favourable review's that appeared in the technical 
press. It is confidently believed that the utility of the work to engineers 
generally, as well as to Electrical Engineers, has been enlarged by the 
present revision. 

J. W. MEAKES. 

E. E. NEALE. 

dlst July, 1923. 



EXTEACT FEOM PEEFACE TO TRIED 
EDITION. 


{N.B . — In reprinting this Preface, those portions which are not in any way applicable to 
the present edition have been omitted- ) 

Greatly daring, an endeavour has been made to fill the gap between 
the many excellent pocket-books of bare data and the highly technical 
works written for specialists in various branches of electrical engineer- 
ing, The demand for the first two editions proves that this endeavour 
was successful so far as India was concerned, and no pains have been 
spared to make the present edition equally useful to engineers and 
students in this country. It is believed that the book will appeal to 
civil, mechanical, and electrical engineers alike ; and though the whole 
field covered cannot be dealt with exhaustively in a single volume, the 
treatment presented should give the information and guidance meeting 
the needs of a very wide circle of readers. 

Some of the matter presented is quite elementary and, from 
experience with the previous editions, by no means unnecessary or 
unappreciated. Even the hydraulic analogy has not been allowed to 
rest in the place to which it has so often been consigned. One point, 
in particular, which it helps to bring home to the first-year student is 
that we use as one of our chief electrical units a rate, the ampere, 
instead of the corresponding quantity, the coulomb. The irrigation 
engineer in India has coined the word ‘cusec’ (1 cubic foot per 
second) to express a unit rate of flow of water, which is exactly 
analogous to the ampere. Coulombs are seldom mentioned in practical 
electrical engineering, and the average engineer undoubtedly regards 
the coulomb in a roundabout way as an ampere-second — a multiple of 
a rate by a time — instead of as a definite quantity in itself. Even where 
ampere-hours are mentioned the electrical engineer often forgets that 
this larger unit of quantity would be one of the primary units in other 
branches of engineering, equivalent (say) to a gallon of w^ater. Con- 
ceptions such as a yard or a gallon offer no difficulty to any intelligent 
being, but every one must have met with persons completely lacking in 
the geometrical sense, to whom an angle meant absolutely nothing. 
Eurther up the scale difficulty is experienced in explaining such com- 
pound terms as ‘ pounds-feet ’ or ‘ feet per second per second,’ and 

vii & 


EXTRACT FROM PREFACE TO THIRD EDITION 


when we arrive at the maximum demand system of charging for 
electrical energy, the average man frankly gives up attempting to grasp 
its significance. If, then, the explanations in this book appear at times 
too elementary, it is a lapse in the right direction. 

It has been the author’s aim to be severely practical ; hence many 
terms used in electrical literature find no place in this volume, either 
because the reader will not need them in his daily work or, in so far 
as they deal with the elements of electricity and magnetism, because 
they are assumed to be already known to him. Where a term is 
used which has not so far been defined, the explanation will be found 
on a later page, and, in the absence of a forward reference, the index 
will guide the reader. Where definitions of terms are given, they are 
complete and for the most part accepted internationally; but it does 
not follow that they are self-explanatory in every case. 

Practical examples have been used freely for the purpose of illus- 
tration, no amount of mere description being so effective in explaining 
rules and formulae. For the same reason, diagrams of strictly utili- 
tarian nature have been used to show plainly the connections and 
so forth described in the text. The examples chosen all make use 
of British standard frequencies, pressures, etc., and numerical results 
are those obtained by using the slide rule and omitting unnecessary 
figures. It is still often overlooked that the accuracy of any result is 
limited by that of the measurements and data which yield it ; and that, 
whereas half a dozen significant figures may be accurate and necessary 
in scientific work, an accuracy to within even 1 per cent, is only 
accidental where commercial calculations or measurements with com- 
mercial instruments are concerned. 

The lists of contents, tables, and illustrations will give a general idea 
of the scope and limitations of the book, and the index will guide the 
reader who uses the volume merely as a book of reference. Pains 
have been taken to make the index as complete as possible, and it 
should be noted that cross references and index references are to para- 
graphs, and that paragraph nimhers are show7i at the head of pages and 
page numbers at the foot. The symbols which have been accepted 
internationally to represent electrical quantities are used throughout 
this edition ; their convenience and space-saving qualities are obvious, 
and it is curious that they have not yet come into general use. 

I. W. MBAEBS. 


London, 21st September, 1916. 
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ELECTRICAL ENGINEERING 
PRACTICE 


PAET I.— DEFINITIONS : MATERIALS : 
MEASUREMENTS. 

CHAPTER 1. 

EXPLANATION OF ELECTRO-TECHNICAL TERMS. 

Units and Definitions. 

(Note. — A list of the Symbols and Abbreviations used throughout this book will be 
fowid in §§ 6 and 7.) 

1. Units. — As in most other branches of science, there are two 
systems of units for the measurement of electrical quantities, viz. 
absolute units and practical units. Absolute units are physical 
constants which are easily defined, but the measurement and actual 
reproduction of these units are diflScult, and the units themselves 
are not of convenient magnitude for practical purposes. To over- 
come this objection, practical units have been adopted which are 
convenient multiples or sub-multiples of the corresponding ab- 
solute units. The accurate measurement and reproduction of 
practical units on this basis alone offer the same difficulties as in 
the case of the absolute units themselves, but special apparatus are 
installed in the various standardisation laboratories of the world 
to make possible comparisons between absolute standards and 
practical standards, the latter being constructed or established by 
international agreement. The instructions for materialising 
practical units are subject to periodical revision as the technology 
of precision measurements is improved. 

2. Absolute Units. — Though absolute units are seldom employed in practical 
work (§ 1), it is desirable that the practical engineer should be familiar with the 
definitions and magnitudes of these units. Short definitions of the absolute 
units and values of the practical units in terms of the absolute units are given 
in Table 1. 

von. I. 
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Table 1. — Absolute and Practical Units. 




Practical Unit. 

Quantity. 

Definition of Absolute Unit. 

Name. 

In Terms of the 
Absolute Unit, 

Force. 

Unit Force. (1 dyjie)^ acting on a 
mass * of 1 gramme for 1 second, 
imparts to it a velocity of 1 cm. 
per sec. 

Gramme-weight 

== 981 dynes. 


In ■ foot-pound-second units, the 
unit of force is the poundal which, 
acting on a mass * of 1 pound for 

1 second, imparts to it a velocity 
of 1 ft. per sec. 

Pound-weight 

= 32*2 poundals. 

.Work 

(energy). 

G.G.8. Unit Work (1 erg) is done 
by a force of 1 dyne moving its 
point of application through a 
distance of 1 cm. 

Foot-poundal 

Foot-pound 

Gramme-centi- 

metre 

Joule 

Kilowatt-hour 

= 421 390 ergs. 

== 13 668 760 ergs. 

~ 981 ergs. 

=: 10^ ergs. 

= 3*6 X 10^* ergs. 

Power. 

C.G.S. Unit Power is that power 
which is capable of performing 

1 erg per sec. 

Watt 

= 10^ ergs per sec. 

Unit pole 
or charge. 

Unit Magnetic Pole or Electrical 
Charge, when distant 1 cm. in air 
from a like and equal pole or 
charge, repels (and is repelled) 
with a force of 1 dyne. 



Magnetic 

field. 

A Magmtic Field of Unit Strength 
exerts a force of 1 dyne on a unit 
pole placed at the point con- 
sidered. 

(Note. — T his field is arbitrarily 
represented by 1 line per sq. cm.) 

Gauss 

== 1 line per sq. 
cm. 

= flux density of 
field of unit 
strength. 

Quantity 
of elec- 
tric y. 

C.G.S. Electrostatic Unit Quan- 
tity when distant 1 cm. in air 
from an equal quantity of like 
polarity, repels it with a force of 
1 dyne. 

Coulomb 
(1 ampere- 
second) 

= 3 X 1(P C.G.S. 
electrostatic 
units. 


C.G.S. E lectromagnetic Unit 
Quantity is conveyed by 1 C.G.S. 
electromagnetic unit of current 
flowing for 1 sec. 

Coulomb 
(1 ampere- 
second) 

= X C.G.S. 
electromagnetic 
unit. 

Current. 

C.G.S. Electrostatic Unit Cur- 
rent is the current corresponding 
to the flow of 1 C.G.S. electro- 
static unit of quantity in 1 sec. 

Ampere 

== 3 X 10» C.G.S. 
electrostatic 
units. 


* The distinction between mass and weight is important. The mass, w, of a 
weight, Wy is given by : = W/^, where =s 32*2 ft. per sec. per sec. = 981 cm. 

per sec. per sec. 
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EXPLANATION OF ELECTRO-TECHNICAL TERMS §2 
Table 1 (continued). 




Practical Unit. 

Quantity. 

Definition of Alisolute Unit. 

Name. 

In Terms of the 
Absolute Unit. 

Current. 

C.G.S. Electromagnetic Unit 
Citrre7it in a wire 1 cm. long bent 
into an arc of 1 cm. radius exerts 
a force of 1 dyne on unit pole 
placed at the centre. 

Ampere 

= X C.G.S. 
electromagnetic 
unit. 

Potential. 

A point is at C.G.S. EUctrost'atic 
Unit Potential if the work done 
on or by positive unit charge in 
moving from infinity to the point 
is 1 erg. 

Volt 

“ ^ C.G.S. 

electrostatic 
unit. 


There is C.G.S. Electromagnetic 
Unit Differeticc of Pote^itial be- 
tween two points if the work done 
in transferring C.G.S. electro- 
magnetic unit quantity from one 
point to the other is 1 erg. 

Volt ' 

= 10« X C.G.S. 
electromagnetic 
units. 

Besist- 

ance. 

C.G.S. Electromagnetic Uiiit 
Besistance is the resistance of a 
conductor in which C.G.S. electro- 
magnetic unit current is produced 
by C.G.S. electromagnetic unit 
potential difference between the 
ends of the conductor. 

Ohm 

= 10» X C.G.S. 
electromagnetic 
unit. 

= [1/(9 X 1011)] X 
C.G.S. electro- 
static unit. 

Capacity. 

C.G.S. Electrostatic (Electro- 
7 nag?ietic) Unit Capacity is 
brought to a potential difference 
of 1 C.G.S. electrostatic (electro- 
magnetic) unit by the application 
of C.G.S. electrostatic (electro- 
magnetic) unit quantity of elec- 
tricity. 

Microfarad * 
(10 •“ ® farad) 

= 9 X 105 C.G.S. 
electrostatic 
units. 

= 10 - 15 X C.G.S. 
electromagnetic 
unit. 

Self (or 
mut u a 1) 
induct- 
ance. 

The coefficient of self-induction of 
a circuit is the number of lines of 
force linked with the circuit when 
the latter carries C.G.S. electro- 
magnetic unit current. Two 
circuits have C.G.S. electro- 
magnetic unit coefficient of 
mutual inductance when unit 
current passed through one 
circuit produces in the other a 
quantity of current = 1/B C.G.S. 
electromagnetic units of quantity ; 
(B being the resistance of the 
second coil in electromagnetic 
units). 

Henry 

= 10® X C.G.S. 
electromagnetic 
unit. 


* 1 electrostatic unit or centimetre = 1*11 micro-microfarad, and is a conven- 
ient unit for very small capacities such as are used in wireless telegraphy. 
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§ 3 

It will be seen that there are two systems of absolute units, viz. the O.G.S. 
(centimetre-gramme-second) electrostatic units and the O.G-.S. electromagnetic 
units. The relations between the units in each of these systems are the same, but 
the actual dimensions of the electrostatic and electromagnetic units are not the 
same. This is because specific inductive capacity (§ 46) is taken as a numeral in 
the electrostatic system of units, whilst permeability (§ 43) is taken as a numeral in 
the electromagnetic system of units. There is a definite ratio between corre- 
sponding electrostatic and electromagnetic units, 1 C.G.S. electrostatic unit of 
potential being equal to 3 x 10^® C.G.S. electromagnetic units. The factor 
3 X 10^® is the velocity of light, in cm. per sec. The electromagnetic unit of 
quantity is larger than the electrostatic unit in the ratio 3 x lO-*® : 1, hence the 
electromagnetic unit of capacity definition in Table 1) is (3 x 10^®)^ or 9 x 10^® 
times as great as the electrostatic unit. 

The C.G.S. electromagnetic absolute units are the ones to which the units of 
the practical electrical engineer are generally referred. 

3. International Definitions. — The international definitions 
of the practical electrical units, viz. resistance, R, the ohm ; electro- 
motive force or pressure, E, the volt ; and current, I, the ampere, 
were adopted at a conference held in London in 1908, and were 
legalised by Order in Council in 1910. The explanatory notes that 
follow will make clearer the definitions of these quantities and 
their derivatives. The preliminary explanations are by no means 
exhaustive, and most of the matters dealt with will be treated more 
fully in subsequent chapters, as occasion arises. The actual 
definitions do not greatly concern the average engineer, but they 
may be set forth for completeness. 

The International Ohm (Xl) is the resistance offered to an unvarying electric 
current by a column of mercury at the temperature of melting ice 14- 452 1 
grammes in mass of a constant cross-sectional area and of a length of 106* 300 
centimetres. 

Note . — The use of Cl as the symbol for megohm is no longer permissible ; see 
footnote to Table 3, § 6. 

The International Ampere (A) is the unvarying electric current which when 
passed through a solution of nitrate of silver in water deposits silver at the rate of 
0* 001 118 00 of a gramme per second. 

The International Volt (V) is the electrical pressure which when steadily 
applied to a conductor whose resistance is one International Ohm will produce a 
current of one International Ampere. 

These definitions are further expanded in the Order in Council, 
where the particular standards and methods of determination are 
set forth. To these may be added also the accepted definition of 
the unit of power, the watt (W). 

The Watt is the unit of power, and is the energy expended per second by an 
unvarying electric current of one ampere under an electrical pressure of one volt. 


* The Law Relating to Electricity ^ by 0. M. Knowles, part i, p. 417, 
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4. Definitions from the Wiring Rules of the Institution of 
Electrical Engineers. — In the course of this work, especially in 
the chapters on installing wiring in buildings, reference will fre- 
quently be made to the I.E.E. Wiring Rules. 

The Buies embody the requirements and precautions which the Institution 
of Electrical Engineers has framed to secure satisfactory results with a supply of 
electrical energy at low pressures, not exceeding 250 V, and also, with such 
additional requirements as are indicated herein, for medium pressures exceeding 
250 y but not exceeding 650 V. They include only such requirements and pre- 
cautions as>re necessary under ordinary conditions, and they are not intended 
either to take the place of a detailed specification, or to instruct untrained persons. 

The rules contain a number of generally accepted definitions of 
electrical terms and apparatus, with which these pages deal, and a 
list of these will be found useful. 

System means an electrical system in which all the conductors and apparatus 
are electrically connected to a common source of supply. (Chapter 20.) 

Three-wire System. — A three-wire system is one in which three conductors 
are maintained at different potentials, the neutral conductor at a potential inter- 
mediate between the highest and lowest being common to all lamps or other 
consuming devices supplied on either side of the system. (Chapter 20.) 

Outer Conductors. — Those between which there is the greatest difference of 
potential. This use of the word outer must not be confused with the use of the 
word when applied to the external conductor of a concentric main. 

Neutral Conductor. — That which is at a potential intermediate between the 
potentials of the other conductors. (Chapter 20.) 

Earthed. — Connected to the general mass of the earth in such a manner as 
will ensure at all times an immediate and safe discharge of electrical energy. 
(Chapter 20.) 

Dielectric. — Any material which offers high resistance to the passage of an 
electric current (§ 280). 

Uninsulated Conductor.— k conductor without provision, by the interposition 
of a dielectric or otherwise, for its insulation from earth. 

Bare. — Not covered with insulating material. 

Bunched Conductors. — When more than one conductor is contained within a 
single duct or groove, or when they are run unenclosed and not spaced apart 
from each other. (Chapter 23.) 

Fuse-switch. — A quick-break switch with fuse forming an integral part of the 
switch. 

Foint — In wiring. The termination of the wiring for attachment to the 
•fitting for one or more lamps or other consuming devices. 

Single-pole Switch. — A switch controlling one conductor only of a circuit. 

Linhed Switches. — Switches linked together mechanically so as to operate 
simultaneously, or in definite sequence. 

Switchboard. — An assemblage of switches, fuses, conductors, measuring in- 
struments, and other apparatus for the control of electrical machinery and circuits. 

Grade of Insulation 250 Y Gable. — Vulcanised rubber cable is said to be I.E.E. 
250 V cable when the minimum radial thickness of its dielectric is that shown in 
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coL 9 of the table,* and when its minimnni insulation resistance is that shown in 
col. 5 after application of a pressure test of 1 000 V for half an hour.f 

Grade of Insulation 650 V Cable . — Vulcanised rubber cable is said to be I.E.E. 
650 Y cable when the minimum radial thickness of its dielectric is that shown in 
col. 10 of the table,* and when its minimum insulation resistance is that shown 
in col. 6 after application of a pressure test of 2 500 V for half an hour.f 

Protected Machine . — One having end shield bearings, and in which there is 
free access to the interior without opening doors or removing covers. 

Semi-enclosed Machine . — One in which the ventilating openings in the frame 
are covered with : (a) grids, expanded metal or wire gauze, with openings of not 
less than J in., so as not to obstruct free ventilation ; (b) wire gauze, in which 
the openings are less than J in. but not less than in., or with perforated 
metal having holes not less than ^ in. (diameter or width) ; (c) screens with 
smaller openings than the above. 

Totally Enclosed Machine . — One in which the enclosing case and bearings are 
dust-proof, and which does not allow circulation of air between the inside and 
outside of the case. 

Pipe-ventilated MacJmve. —-An enclosed machine in which the frame is so 
arranged that the ventilating air may be conveyed to it through a pipe attached 
to the frame, the ventilation being maintained by the fanning action produced by 
the machine itself. 

Forced-draught Machine . — An enclosed machine in which the ventilating air- 
supply is maintained by an independent fan external to the machine itself. 

Many of the foregoing definitions will be expanded and further 
explained in the following chapters. 

5. Definitions in Regulations and Standard Reports. — 
In oflSicial regulations, such as those relating to the use of electricity 
in factories, workshops, and mines (Chap. 41), and in standardisa- 
tion reports such as those issued by the British Engineering 
Standards Association {ihid.\ special definitions are given of the 
meanings to be attached to certain terms for the purposes of the 
regulations, etc. Some of these definitions differ from the meanings 
commonly attached to the terms in question, and it is important 
that the official interpretations should be studied carefully. 

Symbols, Signs, etc. 

6. Abbreviations and Symbols. — Except where otherwise 
stated, the symbols recommended by the International Electro- 
technical Commission are used throughout this book. Though all ’ 
the symbols are not here required the list is reproduced in full, 
save for the omission of alternative symbols which are recom- 


♦ See Table 40, § 280. 

t The pressure test and insulation resistance test must be applied as specified 
in Rules 47 and 48 (§ 280}. 
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mended by the Commission for cases in which the principal letter 
symbol is not suitable.'^ 

A list of letter symbols most frequently needed in electro- 
technics is given in Table 2. Abbreviations for names of units 
are given in Table 3. 

Buies for Quantities. — (a) Instantaneous values of electrical quantities which 
vary with the time to be represented by small letters. In case of ambiguity, they 
may be followed by the subscript ‘ t.’ 

(6) Virtual or constant values of electrical quantities to be represented by 
capital letters. 

(c) Maximum values of periodic electrical and magnetic quantities to be re- 
presented by capital letters followed by the subscript ‘ m. ’ 

(d) In cases where it is desirable to distinguish between magnetic and electric 
quantities, constant or variable, magnetic quantities to be represented by capital 
letters of either script, heavy-faced or any special type. Script letters to be only 
employed for magnetic quantities. 

(e) Angles to be represented by small Greek letters. 

(/) Dimensionless and specific quantities to be represented, wherever possible, 
by small Greek letters. 


Table 2. — Letter Symbols Most Frequently Needed in 
Flectro-technics. 


Name of Quantity. 

Letter 

Symbol. 

Name of Quantity. 

Letter 

Symbol. 

Length 

1 

Resistivity .... 

P 

Mass 

m 

Conductance .... 

Q 

Time 

t 

Quantity of electricity 

Q 

Angles ..... 

7 

E lux-density, electrostatic 

D 

Acceleration of gravity 

9 

Capacity 

C 

Work 

A 

Dielectric constant . 

€ 

Energy 

W 

Self-inductance 

L 

Power 

P 

Mutual inductance . 

M 

Efficiency .... 

V 

Reactance .... 

X 

Number of turns in unit of time 

n 

Impedance 

z 

Temperature centigrade . 

t 

Reluctance .... 

s 

Temperature absolute 

T 

Magnetic flux .... 

4 

Period 

T 

Flux density, magnetic . 

B 

2tIT{ = . 

<a 

Magnetic field .... 

II 

Frequency .... 

f 

Intensity of magnetisaiiou 

J 

Phase displacement 


Permeability .... 

P' 

Electromotive force . 

E 

Susceptibility .... 

K 

Current 

I 

Difference of potential, electric 

y 

Resistance .... 

R 

Magnetomotive force 



*The complete Report (No. 27) may be purchased from the International 
Electro-technical Commission at 28 Victoria Street, Westminster, S.W. 1. 
t Symbol to be proposed by the National Committee. 
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Tabx.e 3 . — Abbreviations for Names of Units; to be used 
only after Numerical Values. 


Name of Unit. 

Abbreviation.* 

Name of Unit. 

Abbreviation.”*^ 

Ampere . . • • 

A 

Volt-coulomb 

VC 

Volt .... 

V 

Watt-hour . 

Wh 

Ohm . • * • 

Uf 

Volt-ampere 

VA 

Coulomb 

C 

Ampere-hour 

Ah 

Joule .... 

J 

Milliampere . 

mA 

Watt .... 

w 

Kilowatt 

kW 

Farad .... 

F 

Kilovolt-ampere . 

kVA 

Henry .... 

H 

Kilowatt-hour 

kWh 


m for railli" for micro- or micr- 

k for kilo- M for mega- or meg- 


Other abbreviations used in this book are as follows : — 


Inch . 

iiich . 


in. 

mil. 

Power factor 

P.F. or cos <p. 

Foot . 


ft. 

British Thermal Unit 

B.Th.U. 

Yard . 


y<i* 

Board of Trade Unit 


Mile . 


ml. 

(or Kelvin) 

B.T.U. or unit. 

Metre . 


m. 

Standard wire-gauge . 

S.W.G. 

Kilometre . 


km. 

Home Office 

H.O. 

Centimetre 


cm. 

Board of Trade . 

B.O.T. 

Millimetre . 


mm. 

International Electro- 


Square 


sq. 

technical Commis- 


Cubic . 


cu. 

sion ... 

I.E.C. 

Gramme 


grm. 

British Engineering 


Kilogramme 



Standards Associa- 


Continuous or 

direct 


tion 

B.E.S.A. 

current - 

. 

G.G. or D.C. 

Institution of Elec- 


Alternating current . 

A.G. 

trical Engineers 

I.E.E. 

Positive pole 


+ 

British Electrical and 


Negative pole 


- 

Allied Manufactur- 


Neutral, D.O. 


+ 

ers’ Association 

B.E.A.M.A. 

Neutral, A.G. 


N. 

British Electrical and 


Earth . 
Horse-power 

(indi- 

E. 

Allied Industries 

Research Associa- 


cated or brake) 

LH.P, ; B.H.P. 

tion 

B.E.B.A. 


UJL uxoitxvcy . JL.J-A.A. , , 

Electrical horse-power E.H.P. 


7. Conventional Signs for Electrical Diagrams. — A 

number of conventional signs for electrical apparatus are given in 
Table 4. About 7 50 symbols are given in the British Engineering 


* The I.E.C. recommends that these abbreviations should be in heavy-faced 
type, but for economy in printing, and following the practice adopted in the LE.E. 
Journal and in the technical press, ordinary type is used for these abbreviations 
throughout this book. 

+ The letters 0 and n are recommended provisionally, a is used in this book 
because 0 is liable to be confused with the numeral zero. The letter n should no 
longer be used for megohm. 


ft 
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Standards Association’s Report (No. 108/1922) on British Standard 
Graphical Symbols for Electrical Purposes. The symbols in Table 4 
are consistent with the Standard Symbols, and are used in most 
diagrams in this book except where other methods of representa-. 
tion are more convenient for purposes of explanation. The main 
utility of the Standard Symbols is in the preparation of plans and 
connection diagrams ^ for commercial purposes, and it is most 
desirable that they should be used in all such work. 

Notes, — (a) Conductors are represented by lines, the thickness of which may 
often be varied to discriminate between main (heavy current) circuits and instru- 
ment (or other weak current) circuits. Diagrams may freq[uently be simplified 
with advantage by using single lines to represent circuits (lead and return), the 
number of wires in the circuit being then denoted by an equal number of diagonal 
strokes across the circuit-line (sec (4), Table 4). Strokes at right angles to the 
circuit-line are taken to represent that number of complete circuits connected in 
parallel [see (5) Table 4). 

(h) Connections between conductors should be represented by a dot at the 
junction. Lines crossing without a dot are often used to represent conductors 
which cross without connection between them, but the authors prefer the method 
of indicating this definitely by a semicircle in one conductor at the point of cross- 
ing. 

(c) Single-phase, two-phase, and three-phase alternating currents are fre- 

quently represented in diagrams by 1 , 2 , and 3 respectively. The only 
objection to this is that is even more commonly used to represent the fre- 
quency in cycles per sec., thus 50 , 100 , etc. The risk of confusion is 

slight because frequencies of 1, 2, and 3 cycles per sec. are never used for 
commercial purposes. There are, however, * slip ’ currents of very low frequencies 
in some A.O. motors [see Chapter 28) so that to avoid possibility of confusion it 
seems best to use the symbols 2<^, and 3<^ where a graphical representation is 
required for single-, two-, and three-phase currents. 

(d) Instruments may be represented by a circle, or by an outline of the shape 
of the instrument, within which is a letter symbol indicating the purpose of the 
instrument. Relays may be represented by a rectangular outline containing 
appropriate letter symbols. Symbol letters for instruments and relays were 
standardised by the B.E.A.M.A. in their Standardisation Buies for Electrical 
Machinery, and these conventions, with minor modifications, have now been 


standardised by the B.E.S.A. 

as follows 

- 


Ammeter, indicating 

A. 

Frequency meter 

F. 

Ammeter, recording . 

. BA. 

Synchroscope 

S. 

Yoltmeter, indicating 

. V. 

Galvanometer 

Gal. 

Voltmeter, recording 

. BY. 

Overload relay, constant time 


Wattmeter, indicating 

. W. 

limit 

OR/OT. 

Wattmeter, recording 

. BW. 

Overload relay, inverse time 


Ampere-hour meter . 

. AH. 

limit 

OR/IT. 

Watt-hour meter 

. WH. 

Reverse current relay . 

R/CB. 

Power factor meter . 

. PF. 

Reverse power relay 

R/PB. 


(e) In the conventional sign for a primary cell [see Ko. 38, Table 4), the thick 
stroke should represent the electro-positive element of the cell [e.g. the zinc in a 
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Table 4. — Conventional Signs for Electrical Diagrams. 


d 

K 


Conventional 

Sign. 

d 

Z 


Conventional 

Sign. 

1 

Conductors (a) Main. 

[b) Small. 

k— 

20 

Motor-generator. 

@ 

2 

Conductors {a) Connected, 

(6) Crossing. 

~a 3 

jferT? 

21 

Motor-converter. 

@ 

3 

Twin flexible conductors. 

vC<>DCOCX 

22 

Mechanically - coupled ma- 
chines (motor and generator 
in the case shown). 

®-© 

4 

Two (a) and three (6) wire 
circuits (lead and return). 

-7^ -W- 
(a) (b) 

23 

Non-inductive resistance, i 

A/VWW 

or 

jrnjirij 

5 

Two (^) and three (b) circuits 
in parallel. 

-H- 4H- 

(a) (b) 

24 

Inductive w’inding (field coil, 
etc.) 


6 

Bus bar. 


25 

Commutating-pole winding. 


7 

Bus bar with terminals. 



f 0 O O 0 J— 

26 

Transformer. 


S 

Link. 

— n rv— 



9 

Cut-out. 


27 

Socket for plug. 

-<)- 

10 

Earth connection (a), and 
plate (6). 

^ [E] 

(€b) (b) 

28 

Plug and socket. 

H>0- 

11 

Generating station (a) Thermal 
(6) Hydraulic 

mCZJ 

29 

Tumblerswitch (a) Single-pole. 

(b) Double-pole. 


12 

Sub-station.* 

□ 


30 

Rotating switch, single-pole. 


13 

Direct current (a) Generator. 

{bj Motor. 


31 

Single-pole switch : (a) Air 
break; (2>) Oil-immersed. 

f' 

(Cl) (0) 

14 

Single-phase (a) Generator. 

(6) Motor (i) synchronous. 

(ii) asynchronous. 

“5^ 

(i) (ii) 

32 

Air -break circuit breaker 
(maximum trip). 


33 

Contactor. 


15 

Two-phase, 3-wire: (a) Gener- 
ator; (b) Motor. 

(a) (b) 

34 

Instruments and relays. 

See Nole(<i> 

16 

Two-phase, 4-wire ; (a) Gener- 
ator; (6) Motor. 

m (b) 

35 

Incandescent (glow) lamp. 

^orQor© 

17 

Three-phase (a) Generator. 

(6) Motor (i> synchronous. 

(ii) asynchronous. 

a® ^ 

(i) (ill 


36 

Arc lamp. 



Fan. 

oo 

18 

19 1 

Three - phase generator : 
(a) Mesh; (b) Star. 

a§) 32) 

37 


Battery of cells. § 


Rotary converter. 

-<> 

38 



N.B. — For notes (a)-(e)i see § 7 ; for footnotes see opposite page. 

in 
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primary battery or the spongy lead in an accumulator) which is the negative jpole 
of the battery and the thin stroke the electro -negative element which is the posi- 
tive pole. There is much confusion over this matter. Inside a cell the current 
travels from the electro-positive to the electro-negative element ; from the zinc to 
the carbon ; from the lead to the lead peroxide ; so in the external circuit these 
directions are necessarily reversed. The arrows in diagram 38, Table 4, show this. 

Some further conventional signs used in connection with wiring 
diagrams for lighting installations, are given in Chapter 22. 

Elementary Conceptions. 

8. Elementary Conception of Electrical Quantities. — The 

analogy between hydraulics and electricity is not in great favour 
amongst electrical engineers, bub it is nevertheless veiy useful 
— so far as it goes — in explaining elementary electrical ideas. 
Voltage in an electric circuit is analogous to water pressure in an 
hydraulic system, and the rate of flow of electricity, measured in 
amperes, corresponds to the rate of flow of water. Though there 
is no actual identity, volts may be likened to lbs. per sq. in., and 
amperes may be likened to gallons per min. or cusecs. 

Take, for example, the case of the pressure pipe in a water 
turbine installation. The power available at the nozzle in foot- 
pounds of energy per sec. (550 ft.-lbs. per sec. = 1 H.P.) is the 
product of the quantity of water flowing per sec. (i,e, the rate of 
flow) and the net head or pressure. We have a pipe of a certain 
size, with a certain weight of water flowing through it per sec. 
under a certain net head, which is the gross head diminished by 
the loss in frictional resistance in the pipe; the larger the di- 
ameter of the pipe, the smaller is this resistance loss. Similarly, 
in an electrical circuit, the power available in watts (100 W = 
0T34 H.P. == 74 ft.-lbs. per sec.) is the product of the current or 
rate of flow in amperes, I, and the pressure in volts, E. Here, in 
the place of the pipe, we have a conductor of a certain size, and 
the pressure available for doing work is the initial pressure di- 
minished by the loss due to the resistance, E, of the conductor to 
the flow of the current ; and the larger the diameter of the con- 
ductor the smaller is the loss of pressure. 


* In B.E.S.A. Report, No. 108, there are given various graphical symbols for insertion in the 
square frame representing a sub-station, to denote the equipment installed. 

I Where it is necessary to discriminate, the triangular zig-zag should be used for resistances 
which are nearly non-inductive, and the rectangular zig-zag for those which are absolutely non- 
i nductive. 

§ The dotted line outside the battery is not part of the conventional sign but is added for the 
purpose of the explanation given in Note {e). 

11 



ELECTRICAL ENGINEERING PRACTICE 


§ 9 


9 . Elementary Conception of a Circuit. — This analogy, how- 
ever, fails to explain the idea of an electric circuit (Chapter 19), and 
for this purpose the circulation in an ordinary hot-water installation 
may he cited. From the top of the boiler, as is well known, a pipe 
rises to the highest point in the system, and a current flows up this 
pipe. The fii*e supplies the motive force, which may he likened to 
the electromotive force of an electric battery or generator, and the 
hot-water pipe is the out-going conductor or ' lead ’ But no cir- 
culation of water can take place unless there is a return circuit back 
to the boiler, and for this purpose a return pipe comes down from 
the top of the building to the lower part of the boiler. This pipe 
corresponds to the ‘ return ’ wire of an electric circuit. Whereas 
the closing of a valve on the water pipe breaks the circuit and stops 
the current, so the opening of a switch connected in the electrical 
conductor opens or breaks the circuit and stops the electric current. 
There is a difference, however, in that the temperature of, and total 
heat in, the water stored in the tank at the top increase when no 
supply is being drawn off, and the circulation continues all the time ; 
but in an electrical circuit there is no such storage or circulation of 
energy when it is not being utilised. The lamps or other consum- 
ing devices bridge over and complete the circuit between the lead 
and return wires ; and if the lamps are removed (or if the switch 
controlling them is opened, which comes to the same thing) then no 
current can flow. The electromotive force, or the difference of 
electric potential, between the two wires remains, but as there is no 
conducting circuit no current can flow. Here the analogy with a 
hot- water supply system holds good again ; for, although the closing 
of a valve causes the circulation to cease, the pressure remains, and 
with it the tendency for the flow to restart as soon as it has a path 
open ; and the same may be said in the case of the electric circuit. 
If the pressure is excessive it may in either case break down the 
opposing barrier, by bursting the pipe or valve in the one case and 
by sparking across the gap in the circuit in the other. A further 
interesting link in this analogy may be forged from the heat losses 
in the two circuits : the hot- water pipes are radiating energy 
away to the air, according to their temperature, and heat units 
supplied by the fuel are thus wasted ; similarly the electrical con- 
ductors are raised in temperature by the current in them, and 
heat units supplied by the fuel are wasted in the form ol PR 
watts (§§ 17, 49). A good grasp of this general idea of an electric 

12 
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circuit will make it easier to understand the explanations which 
follow. 


Kinds of Current. 


10. Alternating and Continuous Currents. — The inter- 
national definitions of the practical units of resistance, current, and 
pressure (§ 3) make specific mention of ‘an unvarying electric 
current, ’ i.e. an electric current which is constant in magnitude 
and direction. Such a current may be produced by electro- 
chemical action in a primary battery (§ 127), but the electric 
currents used for commercial purposes are induced in the windings 
of dynamo-electric machines by alternately increasing and decreas- 
ing the magnetic flux which passes through or is ‘ linked ' with 
these windings. The process is described in detail in § 132, but 
for our present purpose it is sufficient to say that the periodic 
increase and decrease in the flux linked with the winding induces 
in the latter an electromotive force which varies periodically 
between positive and negative maxima. In other words, the 
electromotive force (and the current, if there is a closed circuit, 
§ 9) alternates in direction and varies in magnitude. The cur- 
rents induced in the windings of all dynamo-electric machines 
(excepting unipolar machines, § 137) are alternating, but the 
alternating electromotive forces and currents of the individual wind- 
ings can be commutated or rectified (§§ 13, 132) and added 
together so as to produce a substantially unvarying electro- 
motive force and current in the circuit supplied by the machine 

(§ 14). 

So far as the internal arrangements in an installation are con- 
cerned, whether for lights, fans, or heating, etc., it generally 
makes no practical difference whether the supply is continuous or 
alternating current. If large motors or other inductive apparatus 
are involved the case is different; and where the design of 
machinery or the laying out of a large scheme is in question the 
essential differences in the systems must be properly understood. 

11. Single-Phase Alternating Current. — When a coil of 
wire passes successively the two poles of a magnet, as in Fig. 1, 
so as to cut the lines of magnetic force at right angles, a wave of 
E.M.F. is generated, which rises to a positive maximum as one 
pole is passed, falls to zero, and then rises to a negative maximum 
as the other pole is passed, as shown by the full curve in Fig. 1. 

13 
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The points A, B, C, J), on the pressure curve represent the E.M.F. 
induced in the coil when the latter is successively in the equi- 
distant positions marked A, B, C, D, in the left-hand diagram. 
Assuming the ends of the coil to be joined, so as to make a circuit, 
this E.M.F. causes a corresponding cycle of waves of current to 
flow, and we have a simple ^ single-phase ’ alternating current as 
represented in Fig. 1 by the dotted curve. The wave of E.M.F. 
and the consequent wave of current may or may not be coincident 
with respect to time, i.e. the maxima and minima may or may 
not occur simultaneously ; in the figure the waves are shown as 
not coincident, i,e. they are somewhat 'out of phase.’ Time 
and/or angle of rotation of the winding being plotted from left to 
right in Fig. 1, the dotted wave is behind, or ' lags ’ with regard 
to the full-line wave by a time interval t which is equivalent to 



(tfT) X 360°, i.e, about 45° in the case illustrated. In some cases 
{see also §§46 and 47 and Chapter 5) the current wave is ‘lead- 
ing,’ i.e. ahead of the pressure wave as regards relative position 
or ' phase.' The further explanation of this phenomenon, and of 
the peculiarities of alternating currents generally, is deferred to 
§§ 29-31, 44-47, 56 ; for the present it will be suflicient to assume 
that the current or pressure will be what is indicated in amperes 
or volts on a suitable measuring instrument. 

Theoretically the wave is treated as a simple harmonic wave 
or ' sine wave.’ By means of the oscillograph the exact shape of 
the wave form can be seen or photographically recorded, just as 
the inner working of the steam in an engine cylinder can be shown 
by an indicator diagram. In this way the irregularities from the 
true sine wave form can be examined, and in some cases they may 
be of considerable importance. As in an alternating current the 
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direction is reversed each half-cycle, alternating current cannot 
be used for electrochemical deposition or any work of that nature ; 
for the work done in one half-cycle would be undone in the other 
half. A continuous current must be used in such cases, and its 
(conventional) direction must be correct when the circuit is made 
(§ 127). For electric lighting or heating or motive power either 
continuous or alternating current can be used. To obtain O.C. 
from an A.C. supply a motor-generator, converter, or rectifier 
must be used (Chapter 17). 

12. Cycles or Periods. — The complete double wave of an 
alternating E.M.F. or current is called a ‘cycle' or ‘period,' and 
the number of periods per sec. is called the ‘ frequency ' or 
‘ periodicity.' The standard frequency of the British Engineering 
Standards Associations is 50 periods per sec. with 25 periods 
as a secondary standard to meet special cases. American practice 
favours 60 cycles per sec. as the standard (§ 135). For 
electric traction work, a frequency of 15 periods is often used; 
with this low frequency a glow-lamp actually shows the alterna- 
tions, for as the wave of current dies down to zero the filament of 
the lamp cools down and the light diminishes. The result is a 
succession of flickers. On the other hand, it may be mentioned 
that frequencies of 10 000 alternations or more per sec. are 
used in wireless telegraphy. 

13. Rectified Current. — If the arrangements are such that 

the waves below the zero line in Fig. 1 are reversed, we then have 
a unidirectional or rectified alternating current (see Chapter 17). 
The generator illustrated in Fig. 1, having only a single armature 
coil, would give such a current. Fig. 2 shows the form of the 
rectified wave. If there is a de- 
finite break between successive 
waves, this becomes an ‘ interrupted 
current' such as is found in an 
electric bell or an X-ray coil, 2.— Rectme^^ alternating 

whether worked by an ordinary 

‘ make and break ' magnet and spring or by a mechanical inter- 
rupter. 

14. Continuous Current.— A very near approach to a steady 
unidirectional or ‘continuous’ current, such as is given by a 
battery, is generated by a dynamo, in which the waves of current 
generated by each coil successively are rectified by the commutator 

15 
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and, rapidly succeeding one another, give almost a straight line on 
the crest of the resultant wave. This is shown developed gradually 
in Fig. 3. If the generator makes 15 or 20 revs, per sec. and 
the commutator has 60 or 80 sections, it is evident that there 
can be no appreciable fluctuation as the collecting brush passes 
from one section to the next. 



15. Three-Phase Current. — For transmission of power over 
long distances ‘3-phase’ alternating current is now almost uni- 
versal. Referring back to Fig. 1, one complete cycle of pressure 
or current (corresponding in a two-pole machine, to one revolution, 
i.e. 360° rotation of the armature) may be represented as starting 
at zero, rising to a positive maximum at 90°, cutting the zero line 
again at 180,° rising to a negative maximum at 270°, and ending 
at 360°. In a 3-phase generator, there are three windings 



(represented by /, //, III, Fig. 4) spaced 120° apart. Thus, in 
addition to the pressxire wave /, there is a second independent 
wave generated in the winding II, and a third wave generated in 
the winding III. The three waves are exactly similar, but are 
displaced 120° from each other. As shown in the diagram the three 
windings are ‘star-connected’ (§ 143) to a common neutral point 
0, but the action is just the same if each winding be led out to a 
separate pair of slip-rings. The use of six slip-rings and six wires 
in the external circuit is unnecessary because the algebp^ic sum of 

16 ” ^ 
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the currents in any two phases of a 3-phase, 3-wire system is 
always equal and opposite to the current in the third phase, hence 
each pair of conductors can he considered to act as the return 
path for the current in the third conductor. There are, however, 
three separate and distinct waves of E.M,F., each producing a 
separate current when the circuit is closed. The 3-phase system 
makes possible the greatest practical economy in the transmission 
of power {hut see §298); it is explained further in Chapters 14 
and 20. 

16. Two-Phase Current. — It is only necessary to mention 
that 2-phase supply — with an angle of 90° between the phases — 
has been used considerably in the past ; but the greater economy 
of 3-phase current has rendered this system almost obsolete. The 
2 -phase system is not dealt with in this book. 



Fig. 5. — Two-phase current. 

For the sake of completeness, Fig. 5 is included This diagram 
is arranged similarly to Figs. 1 and 4, and is self-explanatory. 

Ohm’s Law. 

17. Ohm’s Law. — The relation between resistance, jB, pressure 
or electromotive force, E, and current or intensity of current, /, 
assuming all to be unvarying, is expressed by Ohm’s Law as follows : 
The strength of the current varies directly as the electromotive 
force and inversely as the resistance of the circuit, or — 

/= or JS or £’ = /i2. 

As mentioned already in § 8, the product of E and I expresses 
the power in the circuit in watts, W, which is directly comparable 
to, and convertible into, horse-power. By definition watts = El, 
But E = IR. Therefore watts = PR (§§ 48-50). In succeeding 
VOL. I. 17 2 
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paragraphs examples will be given of the practical working of 
this rule ; its application is not always so simple as may appear at 
first sight (§§ 21, 28, 44, 49, etc.). 

Ohmic resistance does not alone determine the resistance to 
current flow in AC. circuits, hence a modified form of Ohm’s Law 
must be used for these circuits (§ 44). 

Resistance. 

i8. Resistivity and Conductance. — The resistivity or specific 
resistance of a material is the electrical resistance between opposite 
faces of a unit-cube of the material at specified temperature. 
Generally the specific resistance is expressed in microhms per 
centimetre-cube* (or per inch-cube) at 0° 0. (§ 61), or in ohms 
per mil-foot., i.e. per foot of wire of 1 mil diameter. (1 il per 
mil-foot = 0* 166 microhm per cm.-cube. 1 microhm per cm.-cube 
= 6' 015 O per mil-foot). 

The resistance between two opposite faces of a 1 cm.-cube of a material is 
termed the volume resistivity of the material. Denoting this by n, the resist- 
ance is of a uniform wire of length I cm. and cross-section A sq. cm. is : B = 
p^Z /An. If the density of the material be D grm. f cu. cm., the mass m of the 
wire considered is : w = lAD grm., hence A m j ID. Substituting this value for 
A we have R Dl^ [ m. The product p JD does not vary with the dimensions of 
the wire, and is called the mass resistivity of the material. The coefficients 
pjj, D, and p^ all vary with temperature. 

It is usual to express p^ in microhms per cm.-cube. The resistance B n, of a 
uniform wire L metres long and of mass m grm. is then given by B = pmB^ / m ; 
where p^Dj 100. Thus for copper p^ = 0* 153 28 a at 20° C. (§ 62) and the 

resistance of a wire 5 metres long and of mass 50 grm. is B = 0* 153 x (5)'^ / 50 = 
0*076 5 n (approx.). 

Conductance is the reciprocal of resistance, 1 / B, and is ex- 
pressed in ‘ mhos, ’ a coined word obtained by writing ‘ ohm * 
backwards. The use of this term is explained further in Chapter 


It is essential to use the term centimetre-cube (or inch-cube) and iwt the 
term cubic centimetre (or cubic inch) in this connection. The resistance of 1 cm - 
cube of copper is about 1*6 microhms at 0° C. The resistance of 1 cu. cm. of 
copper IS 1*6 microhms if the metal is in the form of a 1 cm.-cube, but since the 
resmtance of a conductor is directly proportional to its length and inversely pro- 
^rtional to its cross-sectional area, it is 1*6 x 100 x 100 = 16 000 microhms = 
0* 016 n If the 1 cu. cm. of metal is in the form of a wire 1 m. long and 1 sq. mm. 
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19. Ohms, Megohms. — ^Resistance is expressed in ‘ ohms ’ in 
all ordinary cases, when dealing with conductors or conducting 
circuits. If, however, the resistance of a nominally insulating 
body is required a higher unit is desirable, and the result is 
expressed in ‘ megohms,’ ix. millions of ohms. Thus, in the case 
of insulated wires and cables, the covering or ‘dielectric’ of a 
particular quality will be guaranteed to have an ‘insulation 
resistance ’ of not less than 300, 600, or 2 000 megohms per ml. 
at a certain temperature, as explained more particularly in § 281. 

20. Standard Resistances. — For accurate electrical measure- 
ments by means of the potentiometer (§ 95) standard comparison 
coils of 1 II, and decimal multiples up to a megohm or sub- 
multiples down to 0*001 of an ohm, are used; for these the 
alloy manganin is generally employed, as its temperature co- 
efficient is almost negligible. These are called ‘ standard resist- 
ances ’ ; they are also used in some portable testing sets (see § 106). 
In order to reduce the amount of metal used in standard resist- 
ances for large currents they are frequently made tubular and 
water circulates through them. 

21. Internal and External Resistance. — In a complete 
circuit, carrying a current from a battery or other source of power 
included in it, the total resistance is made ,up of the ‘ internal 
resistance ’ of the battery or generator and the ‘ external resist- 
ance ’ consisting of the remainder or working part of the circuit. 
This must not be overlooked in applying Ohm’s Law. A battery 
(§ 127) of small cells may easily be connected in series so as 
to have a total pressure of 1 000 V on ‘ open circuit,’ i.e, with no 
external connection from pole to pole ; but if a conductor having 
a resistance of 1 H is connected across its terminals the current 
in the circuit will not be 1 000 A or perhaps not even 1 A ; for to 
the external resistance of 1 12 must be added the very high 
internal resistance of the whole of the cells. In this case I = E f R 
may be written I ^ E J (R + r\ where R and r are the external 
and internal resistances respectively. 

Peessure. 

22. Definition of Pressure. — The term ‘ pressure ’ or electro- 
motive force (E. or E.M.F.) is defined in more than one way in 
the regulations of the Board of Trade and the Home Office, but 
the variations are not material. The following is explicit : — - 
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§ 23 

Pressure means the diiference of electrical potential between 
any two conductors through which a supply of energy is 
given, or between any part of either conductor and the 
earth, as read by a hot-wire or electrostatic voltmeter. 

Low Pressure means a pressure in a system normally not 
exceeding 250 V where the electrical energy is used. 

Medium Pressure means a pressure in a system normally 
above 250 V, but not exceeding 650 V, where the electrical 
energy is used. 

High Pressure means a pressure in a system normally above 
650 V, but not exceeding 3 000 V, where the electrical 
energy is used or supplied. 

Extra-high Pressure means a pressure in a system normally 
exceeding 3 000 V where the electrical energy is used or 
supplied. 

The reference to normal pressure refers to the variations 
which are permitted by the regulations for public supply. 

The phrase ‘ difference of potential ' or ‘ potejitial difference ' 
(P.D.), used in the above definition, is frequently used in dis- 
cussing the electrical conditions in a circuit ; the technical dis- 
tinction between the two modes of expression will be grasped as 
the reader proceeds. The nature of alternating, as opposed to 
continuous current has already been discussed (§§ 11-16), and the 
meaning of the term ‘pressure’ as applied to an alternating 
current supply is further elucidated in §§ 29-31. 

23 . British Standard Pressures. — In Report No. 77, 1921, 
the British Engineering Standards Association specifies British 
standard electrical pressures for new systems and installations 
as follows : — / 

(a) Direct Current Systems and Installations, 

(i) Consumer’s pressures.* — 220 , 440 V. 

(ii) Station pressures.f — 242, 484 V. 

(b) Alternating Current {S~phase) Systems and Installations . 

(i) Consumer’s pressures.*— 240 V between neutral and 
principal conductors ; 416 V between phases. 

Consumer’s pressure ’ denotes the pressure at the consumer’s terminals 
declared by the supplier. 

t ‘ Station pressure ’ denotes the normal pressure applied to the terminals of 
the transmission line at the generating station or substation. 
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(ii) Station pressures * — 264 V between neutral and prin- 
cipal conductors ; 457 V between phases. 

(c) Extra High Pressures, 

(i) Delivered pressures.f — 3 000, 6 000, 10 000, 30 000, 

60 000, 100 000, 120 000 V. 

(ii) Station pressures.^ — 3 30(i^ 6 600, 11 000, 33 000, 

66 000, 110 000, 132 000 V. 

The consumer s or declared pressures are the standard pres- 
sures, the station pressure being derived in each case by adding 
to the declared pressure the pressure lost (§ 24) in the line when 
carrying its full load; unless otherwise specified, this loss shall 
be assumed to be such as to give the station pressures shown 
above. 

Earlier standards of pressure for D.C. and A.O. systems (given 
in the third edition of this book, p. 10) will necessarily be repre- 
sented in existing installations for many years to come. The 
actual consumer’s voltages in different supply areas are given in 
various annual publications. I 

Pressures up to 232 000 V are already in use for the trans- 
mission of power. 

24. Loss of Pressure. — In any conductor canying a current 
there is a drop of pressure, increasing both as the length and 
consequent resistance of the conductor increases, and also in 
direct proportion to the current. Professor Fleming pointed out 
many years ago that the hydraulic gradient in a water pipe offers 
an exact analogy to the pressure gradient in a conductor. Be- 
tween any two points in a pipe line, connected to a reservoir at 
one end and discharging at the other, there is a difference of 
‘ water motive force ’ or pressure, urging a flow of so many 
gallons per sec. (according to the resistance of the pipe) between 
those points ; there is thus a gradual fall of pressure (the 
hydraulic gradient) all along the pipe. Similarly, along an electric 
conductor, there is a gradual fall of pressure or pressure gradient ; 
and it is the difference of pressure or potential between any two 


* ‘ Station pressure ’ denotes the normal pressure applied to the terminals of 
the transmission line at the generating station or substation. 

Delivered pressure ’ denotes the normal- pressure at the terminals of the 
transmission line at the delivery end. 

X The most nearly complete list is probably that in the Practical Electrician's 
Pocket Booh (Bentell). 
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points which causes a current to flow, the strength depending or. 
the resistance ofiered by the conductor. The loss in volts in any 
part of the circuit is the product of the current in amperes and 
the resistance of that part of the circuit in fl. Thus if a uniform 
wire 100 ft. long has a steady current flowing in it that causes a 
drop of pressure of 100 V in the whole length, then there will be 
a drop of 1 V per foot run ; this principle is utilised in the potentio- 
meter (g 95). 

By way of example, let it be assumed that 100 A are trans- 
mitted from a source of supply to a piece of apparatus by a pair 
of wires each a mile long, having a total resistance of 0*79 O 
(= No. 3/0 S.W.G. copper wire), then the drop in pressure on the 
line will, by Ohm’s Law, be 0*79 x 100 = 79 V. If, then, the 
pressure at the generator is 2 200 V, the available pressure for 
use at the far end will be 2 121 V. The difference is called the 
' lost volts ’ (especially in the case of the drop of pressure in the 
conductors or ‘ windings ’ of a generator) or simply the ‘ drop in 
pressure.’ In the case of alternating current supply the problem 
is less simple than in the above example, and is referred to later 
(§ 44 and Chapter 14). 

Although in a particular case we may be dealing either with 
the pressure between two conductors or with that between one 
conductor and ‘ earth,’ the latter case is perhaps the best to con- 
sider from the elementary standpoint, as it is also when dealing 
with 3"phase alternating currents (§§ 302, 313). Just as the 
pressure or degree of vacuum of air or water is ordinarily reckoned 
by its departure above or below normal atmospheric pressure, 
so electrical pressures may be expressed in relation to ‘ earth 
potential,’ either positively or negatively. There will be a pres- 
sure gradient along a wire carrying a current, and it can be 
measured by voltmeters connected between line and earth at 
different points, just as a pressure gauge would show different 
readings at various points along a horizontal water pipe discharg- 
ing under an imposed pressure. In both cases, the instruments 
would show a steady static pressure at all points if the flow ceased. 

Current. 

25. Amperes. — That a clear conception of an electric current 
or of an ampere is difficult to inculcate is clear from the refer- 
ences, so common in newspapers, to 'currents of 2 000 V’ and 
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the like. Such ideas are survivals from the days bef ore a Hc.itui- 
tific system of units had been evolved and co-ordimitofl in Ohm h 
L aw (§ 17). From what has been written above it will be nmn 
that the strength of current in a circuit, in amperes, (lep(mdH on 
the other two factors of resistance and pressure. By Ohm's Law, 
if the standard pressure of a supply is (say) 200 V, a pi(‘X‘.e of 
apparatus connected thereto, and taking a cixrrent of I A, will 
have a resistance of 220 and another apparatus, havitig a 
resistance of 80 fl will take 2| A. A reference, liowover, to § 17 
will show that this is only true of an wivdTyitiQ c.urn^nt, and 
therefore when alternating currents are being considered the 
statement requires modification, as explained in due course (§ 44); 
the meaning of the term ‘ ampere ' when applied to an alterufiting 
current is explained in § 29 and the examples lollowing nder to 
continuous current. A pressure of no matter how many thonsfunl 
volts may exist between two wires, side bysidcj, but it will produce* 
no flow of current unless and until there is a path or circuit for 
it from one wire to the other. If there is no such (‘irtniit tlu^ 
resistance is infinite and the current zero. For (sxamplc^, a stc^atii 
engine is driving a large dynamo, maintaining a i)r(**KHur(*. of 500 
V between its terminals, but if the exteiuial circuit is not cloHc,d 
there will be no current. If a crowbar is now droppc*.d fU^roHs theme 
terminals the circuit will be closed ; the resistance of tlic crowbar 
is so small that the current momentarily flowing will only bo 
limited by the internal resistance of the coils of wire in tbe^ 
generator, and it may amount to many thouHands of arnpena^H. 
The power supplied to this ‘short-circuit' from the plant may, 
for a moment, be enormously in excess of that which either engine 
or generator is intended to give, or is capable of giving h>r atiy 
length of time, as the whole of the stored mechanical energy of 
the revolving machinery is dissipated in heat in an instant; and 
the dynamo — or what is left of it — comes to nmt immediately in 
consequence. 

The diiSSculty that students certainly expori(uui (5 in e.oming to 
grips with the ampere as a unit arises no doubt from tlm fact 
that it is a complex unit instead of a simple one like the pound 
or the gallon. As mentioned in the preface to the third edition 
(p. vii), an exact parallel to tlio ampere is the term ‘ensile/ 
often used in hydro-electric work, representing water-flow at the 
rate of one cubic foot per second or a ‘ second-foot.' The aiiipfjre 
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is, properly speaking, a coulomb-second or a flow of the definite 
quantity of electricity represented by a coulomb (§ 28) per second 
of time. As ordinarily used, however, the factors are so defined 
that it appears as though the coulomb were derived from the 
ampere instead of vice versa. This is in fact a much more con- 
venient way in dealing with power problems, while in physics the 
quantity basis is more generally used. 

26. Milliamperes. — When dealing witli very small currents 
it is convenient to have a smaller unit than the ampere, and the 
milliarnpere, mA ( = one-thousandth part of an ampere) is used. 
In dealing with voltmeter currents, telegraphy, and electro- 
medical work this term (or the still smaller micro-ampere = one- 
milliontli ampere) is generally used. Leakage currents in a 
domestic installation are generally of this order, as shown in the 
examples in Chapter 40. 

27. Currents in Wires ; Current Density. — As the pressure 
of supply is generally a fixed quantity, the power taken by any 
piece of apparatus (expressed in watts - E -x I) will be propor- 
tional to the current. The size of the wires used depends primarily 
on the current they have to carry ; if a wire is too small the loss 
of volts due to its resistance may be such as to oflect the use of 
the apparatus. For example, if a house is supplied at 100 V 
pressure, and the loss of pressure between the point of entry and 
a certain lamp is 6 V, that lamp will only get 94 V ; if it is 
designed for 100 V the actual candle-power will not be nearly 
what it should be. Again, the wire may be overheated if carry- 
ing more than its proper current; the amount of the heat 
developed is proportional to the square of the current, and is 
exactly commensurate with the watts PB dissipated in the con- 
ductor. (This is true also of alternating cun-ents.) The cross- 
sectional area of copper wires is given in the tables (which will 
be found later on in §§ 280 and 307) in decimals of an inch, so 
that the current they will carry at 1 000 A per sq. in. ' current 
density' can be read off' directly; thus, area 0* 100, current 100, 
etc. Until recently 1 000 A per sq. in. was generally adopted 
as the rule-of-thumb limit of safety for the current carry- 
ing capacity of wires used in house wiring; now, as the tables 
referred to will show, it has ceased to be significant, and the per- 
missible current is determined by formulae with an experimental 
basis. Obviously a bare wire, or one thinly covered only, will 
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radiate its heat much more rapidly than a heavily insulated wire 
(§ 328) ; and the radiating surface of the insulating covering of a 
small wire will be relatively greater than that of a large wire, if 
the radial thickness of the insulation is the same in both cases. 

28. Ampere-hours. — As shown at the end of § 25 a coulomb 
is a definite quantity of electricity, comparable to a quantity of 
any ordinar^^ matter, and it is equal to 10“^ absolute C.G.S. 
units of electricity (see Table 1, § 2). In practice, however, it 
is more convenient to regard the coulomb as the quantity of 
electricity due to a flow of 1 ampere in one second, i.e. an 
‘ ampere-second.’ More commonly, quantities of electricity are 
expressed in 'ampere-hours,’ the ampere-hour (1 Ah = 3 600 C) 
being in fact the practical unit of quantity of electricity. 

The term ampere-hour is used in the charging and discharging 
of batteries, electroplating, or any other electro-chemical process. 
Take, for example, a battery consisting of three motor-car ‘ ignition 
cells,’ having a working pressure of 6 V ; the pressure, be it 
noted, is 2 V per cell without any regard to their size (Chapter 18). 
A particular size, from a catalogue, is stated to have a ' capacity ’ 
of 60 Ah. If the working current is kept within recognised limits 
the 60 All could be given by a current of 2 A for 30 hours or 
1 A for 60 hours, and so on ; the capacity of the cells for dis- 
charging would in actual practice be slightly larger as the current 
decreases and the time increases, but this may be waived for the 
present. The battery in question would ordinarily be charged at 
the rate of 4 A for a period of about 15 hours, after a complete 
discharge within the allowable limits. This aflbrds an opportunity 
for another illustration of the working of Ohm’s Law. Suppose 
that the owner desires to buy a small generator for charging these 
cells. JSTow the pressure of the three cells, as stated above, is 6 V, 
and this pressure is a ‘ back E.M.F.’ in direct opposition to the 
pressure of the generator. If therefore the latter were incapable 
of a greater pressure than 6 V the two pressures would exactly 
balance, and no current would flow. In point of fact the generator 
pressure would, towards the end of the charging process, have to 
rise nearly to 9 V in order to force 4 A through the cells. There 
is no contradiction of Ohm’s Law here ; the efiective pressure E 
is in this case the difference between the two opposing pressures 
of generator and cells, and it must be sufficient to overcome the 
resistance B made up of the internal resistance of the cells and 
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the external resistance of the circuit; i.e. I = (E - e) J (B + r). 
Returning, after this digression, to the consideration of ampere- 
hours, let us assume that the applied pressure in any particular 
case is sufficient to overcome the opposing pressure of the cell or 
plating bath, etc., so that a current will flow through the latter ; 
the total electro-chemical effect of this current then depends on 
the number of ampere-hours. For example, the international 
definition of an ampere, already referred to in § 3, states that 
under the conditions laid down it will deposit silver from silver 
nitrate at the rate of 0* 001 118 of a grm. per sec. or 4* 024 8 
grms. per hour. 

The weight of metal deposited electrically from a solution per 
ampere-second or coulomb is different for different metals, but is 
a physical constant (the ‘electro-chemical equivalent’) for each 
particular metal. (See Chapter 38.) 

Effective, Virtual, or E.M.S. Values. 

29. Effective Value of a Varying Pressure or Current. — 

An unvarying electric current or pressure is easy to define (§ 3), 
but there is an obvious difficulty when we come to consider an 
alternating current or pressure the instantaneous values of which 
rise from zero to a positive maximum, decrease to zero, rise to 
a negative maximum, and again return to zero (§ 11). The 
algebraic average of a symmetrical wave is clearly zero; in 
other words, as much current flows in one direction during 
one half-cycle as flows in the other direction during the next 
half- cycle. For this reason alternating current as such is use- 
less for electro-chemical work (battery charging, electroplating, 
etc.) which depends upon quantity (ampere-hours) of electricity 
flowing in a definite direction (§ 28). If, however, the alternating 
wave be ‘rectified’ (§ 13 and Chapter 17) we obtain a more or 
less discontinuous unidirectional current, the effective value of 
which for electro-chemical purposes is represented by the mean 
ordinate of the rectified wave. This is the only connection in 
which the mean or average value of an alternating wave has any 
practical importance, and it will be seen that it is the average 
value of the half-wave which is then of importance — not the 
average of the complete wave, which is zero. 

The heating effect of an electric current varies with the square 
of the current (§49) and, in general, the power dissipated by an 
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unvarying current I (amperes) flowing through a resistance B 
(ohms) is : W (watts) == PB (§ 17), i.e. the power varies with the 
square of the current. For this reason, the effective value of an 
alternating current is defined as being numerically equal to the 
unvarying (direct) current which produces the same heating. A 
hot-wire ammeter (§ 99) is equally correct for measuring con- 
tinuous or alternating currents. 

Referring to Fig. 6 , 1 represents an alternating current of ideal, 
sinusoidal wave form. The power or heating corresponding to 
any instantaneous current i {whether positive or negative) is 
proportional to P and is always positive, i.e. the curve P repre- 
' sents instantaneous heating effect and consists of a series of 
positive loops. The mean ordinate of P is represented by the 
line Ip and represents the ‘ mean-square ’ value of the current J. 
Taking the square root of ip we obtain Je the ‘ root-inean-square ’ 
value of J, and this is clearly the value of the unvarying current 
which produces the same heating as the alternating current J. 
In other words le is the ‘ effective ' value of the alternating current, 
and is sometimes called the ‘ virtual ' value or the ' root-mean- 
square' (R.M.S.) value. The term root-mean-square is best, in 
that it is self-explanatory. 

The R.M.S. value of any wave form may be found by the 
above-described combination of graphical and numerical working, 
but the wave forms of all commercial A.C. supplies are close 
approximations to a sine wave, the average and effective values of 
which are geometrical constants. 

30 . Average and Effective Values of Sine Waves. — The 
average value of any sine wave, i.g. the arithmetical average of 
its instantaneous ordinates throughout a half -cycle, is equal to its 
maximum value x 2 / tt. Thus, referring to Fig. 6, 

la = ^Ira / TT = 0*64/,,^ (nearly). 

The useful value of the alternating current /, when rectified, for 
electro-chemical work would be if both half-cycles were 

utilised, and^ x 0‘644n == 0*32/^ if only the alternate half-cycles 
were utilised {see also Chapter 17). 

The effective, virtual or value of any sine wave is 

equal to the maximum value / >s/2. Thus, in Fig. 6, 

0-707/,,. 

The form factor of any periodic wave is defined as the ratio 
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of its effective to its average value, hence the form factor of a sine 

wave 


v/2 


7T 


TT 

2J2 
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The torai factor is a useful means of comparing different wave 
forms (see also § 34). A-notker factor, which is also useful in 
this connection, is the peaTc or crest factor, i,e. the ratio of the 
maximum to the effective value of the wave. The crest factor 
of any pure sine wave is ^2 = 1*414. The crest factor of 
the A.C. voltage used to test cable insulation should not exceed 
1*5. 


Table 5 gives an instructive comparison between the above- 
mentioned constants for different wave forms. In practice, wave 
forms are generally determined by oscillograph (§ 118). 



Fig. 6. — Effective value of alternating cuirent. 

Table 5. — Constants for Different Wave Forms. 


Wave Form. 

Average Value 
(Half-cycle). 

Effective Value. 

Form 

Factor. 

Crest 

Factor. 

Sinusoidal 

Max X S/tt = max x 0*64 

Max/ ^2 =max x 0*707 

1*11 

1*414 

Rectangular . 

Max X I’OO 

Max X 1*00 

1*00 

1*00 

Triangular . 

Max X 0*5 

Max X 0*577 

1*15 

1*74 

Semi-circular 

Max X 0*785 

Max X 0*816 

1*04 

1*23 


31 . Maximum Pressure and Current. — While the minimum 
value of a sinusoidal alternating pressure or current during each 
period is zero, the maximum instantaneous value is the virtual or 
^ root-mean-square ’ value multiplied by ^2 or 1 *41. In the case 
of alternating pressures the maximum value is important, as, 
although only instantaneous, it tends to break down the insulation 
of the circuit (§ 298). Thus if the pressure is said to be 220 Y 
— i.e. the virtual or root-mean-square pressure as shown, by a 
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correctly calibrated voltmeter — then the maximum value will rise, 
twice in each period, to 220 x ^2 or 312 V. If the wave is more 
pointed than a sine wave the maximum value may even be con- 
siderably higher (see Table 5). The maximum value is also of 
importance in relation to electric shock, for at the same virtual 
pressure of supply the shock pressure obtained on an alternating 
circuit is ^2 ==1*4 times that on a continuous current system 
with the corresponding effective pressure. 

Magnetic Effects of Electric Current. 

32. Permanent and Electro-magnets. — The familiar ‘ horse- 
shoe’ magnet is constructed of hardened steel, and when once 
magnetised retains its power of attracting iron or steel more or 
less indefinitely. It is used in certain classes of electrical measur- 
ing instruments and in ‘ magneto ’ generators, etc. Annealed 
iron and certain steels, on the other hand, are incapable of retain- 
ing magnetism, although they can be 
very powerfully magnetised by suit- 
able means involving the expenditure 
of power. If a number of turns of 
insulated wire are wound round a 
soft iron core, and a current is then 
passed through this ‘ magnetising coil, ’ 
tlie core becomes strongly magnetic for so long as the current is 
flowing. By varying the intensity of current the strength of the 
magnetism can be altered (§ 42); in the case of alternating 
current the magnetism is constantly altering (§§ 34, 39). When 
the current ceases the magnetism almost entirely disappears. 
Into the elements of magnetism it is not necessary to go, as this 
knowledge is assumed ; it must, however, be pointed out that a 
magnet must necessarily always have a north-seeking pole and a 
south-seeking pole, whatever its shape or construction. If it is 
an electro-magnet the relation between the polarity and direction 
of the magnetising current is fixed, and will be seen at once 
from Fig. 7, from Professor Thompson’s Elementary Lessons, It 
matters nothing whether the turns are wound right- or left- 
handed, or what the shape of the iron core is. The arrows show 
the direction of the current, from + to - , or positive to negative. 

A wire, whether straight or bent into a loop, always creates a 
magnetic field around it when it is carrying a current, and an iron 



Fig. 7. — Polarity of electro- 
magnet. 
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core serves to augment the strength of this magnetic field. In 
considering the field created hy a wire, Maxwell’s ‘ corkscrew 
rule ' is useful, and it will he found to apply to the conditions 
shown in Fig. 7. The rule runs: The direction of the current 
(from + to - ) and that of the resulting magnetic force (from N. 
to S.) are related to one another as are the rotation and forward 
travel of an ordinary right-handed corkscrew. An alternative 
means of memorising the relationship between polarity and 
direction of current circulation is provided by the fact that 
arrow-heads (directed outwards) on the tails of the letters N. and 
S. indicate the direction of current rotation producing north and 
south polarity respectively. 

This magnetic effect in conductors is by no means negligible. 
A case cited in § 327 shows that it may have serious effects on 
overhead lines, and it is a factor of primary importance under 
short-circuit conditions (§ 338). It frequently gives rise to errors 
in electrical instruments placed too near switchboard conductors 
carrying heavy currents (§ 92). It also causes the apparent rise 
of resistance known as skin efiect (§38 and Chapter 35), which is 
most marked in steel conductor rails on electric railways. 

Apart from the use of electro-magnets in dynamo-electric 
machinery and instruments, they are also used extensively for 
their direct effect in attracting iron or other paramagnetic metals ; 
the practical applications vary from lifting magnets (Chapter 31), 
for raising girders and the like, whether on land or below water, 
to the extraction of splinters from the human body. Until 
recently the latter use was mainly confined to the oculist, but of 
late giant electromagnets, taking several kilowatts, have been 
used in hospitals for extracting shell-splinters and ferro-nickel 
cased bullets. While iron and steel are by far the most important, 
there are other metals, especially nickel and cobalt, which are 
paramagnetic in a less degree ; substances which are repelled from 
a magnet are called diamagnetic, and include bismuth, antimony, 
and many others. 

33. Polarity (Direction of Flow) of Current. — ^The direction 
of a current is a matter of convention, for the work of the engineer 
is not seriously affected by the truth or otherwise of the modern 
electronic theory of matter, and it matters little to him whether 
there is an actual transfer of corpuscles or merely a molecular 
or ultra-molecular vibration around the conductor. The adopted 
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convention concerning the direction of current flow arose from 
the consideration of the primary cell, and is explained in that 
relation in § 127. The positive pole of any other generator is 
taken to be that which behaves in the same way as the positive 
pole of a battery. Since the current in any conductor produces a 
magnetic field, it will, like any other magnet, deflect a compass 
needle to one side or the other according to its polarity. This 
property enables the conventional direction to be determined by 
Ampere’s rule, viz. : Suppose a man swimming in the wire with 
the current, and that he turns so as to face the needle, then the 
North-seeking pole of the needle will be deflected towards his left 
hand. A useful old mnemonic in this connection is Crompton’s 
SNOW rule ; viz. : Place a compass needle under a wire placed 
in the meridian, and the current entering at South turns the 
North-seeking pole of the need%Over to West. 

34. Hysteresis. — If a core be magnetised by alternating current 
it is alternately magnetised in one direction, demagnetised on the 
reversal of the current wave, and then magnetised in the opposite 
direction. These cycles continue so long as the current is main- 
tained, and have the same periodicity as the current, i.e. generally 
50 cycles per sec. (§ 12),; but the magnetic changes lag slightly 
behind the current reversals. The abrupt reversal of the direction 
of the magnetism, involving a change in the molecular arrange- 
ment of the iron, involves also a certain expenditure of power 
known as the ‘ hysteresis watts. ’ The energy so wasted heats up 
the iron core. Such losses occur in transformers and all alternat- 
ing current machinery, and to a lesser degree in continuous current 
machines (in those parts of the magnetic circuit which are subjected 
to varying or alternating magnetic flux). 


The power dissipated by hysteresis is proportional to the frequency (cycles 
per sec.) and varies approximately with the l’6th power of the maximum flux 
density in the iron. Since the maximum flux density is here involved the 
hysteresis loss is aflected by the form factor (§ 30) of the voltage wave; the 
hysteresis loss is less with a peaked wave than with a flat-top iwave for the same 
effective voltage. 


35. Induction. — So long as the magnetic field of a conductor, 
or a solenoid, or an electromagnet is steady and uniform in value, 
it produces no E.M.F. in its own or any neighbouring circuit at 
rest in relation to it; but as soon as there is a change in the 
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strength, of the field, no matter how it is produced, an electro- 
motive force is set up in every conductor within the varying field. 
In a continuous current circuit, such an E.M.F. can only be pro- 
duced by varying the strength of the current or by moving one 
of the elements in the circuit in relation to the other ; but with 
alternating current there must necessarily be induced a continually 
varying ElM.F., whether the elements of the circuits are stationary 
or in relative motion. Thus when a conductor is moved across 
the lines of force of a magnet or vice versa (as in a generator, 
§ 132) an electi'omotive force is ' induced ’ in the conductor ; and 
if the conductor makes a closed circuit, a current flows in it in 
consequence of this pressure. Again, if a conductor is wound 
upon an electromagnet [as in a transformer (Chapter 17) or in- 
duction coil] and the strength of^he magnetism alters (§§ 32, 34), 
an E.M.F. is induced. Similarl^each of two conductors carrying 
currents varying in magnitude will mutually induce an E.M.F. in 
the other ; and a varying current in a single conductor will induce 
a secondary E.M.F. in opposition to itself. In all such cases 
except the last there is no metallic connection between the 
circuits ; the electromagnetic induction takes place across an air- 
gap. The essential condition is that the wire in which an E.M.F. 
is induced shall cut, or be ti'aversed by, varying magnetic lines of 
force. 

The relation between the lines of force, direction of motion, 
and direction of induced current is given by the following rule : ^ 
Extend the forefinger and thumb of the right hand at right 
angles, and the middle finger at right angles to the plane contain- 
ing the forefinger and thumb ; then, if the forefinger be set in the 
direction of the magnetic field (N. to S.), and the thumb in the 
direction of motion, the middle finger will indicate the direction 
of current flow ( + to - ). 

This property of self-induction has been compared with inei-tia ; 
it is that property of electricity which causes it to resist any 
change in its rate of flow. It will be seen that three separate 


* Note . — This useful rule was devised many years ago by Fleming, together with 
the mnemonic : ‘ FOBefinger, force ; thuMb, motion ; middle, induced.’ As thus 
used with the right hand, the rule covers induction of current in a moving con- 
ductor, i.e. is a dynamo rule. If the left hand be used in the same way the 
fingers and thumb give the relation for a current-carrying conductor moving in 
an electric field, i.e. for a motor. 
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cases may arise. First we have the induction in a single con- 
ductor due to a magnetic field around it, which is for some reason 
varying, but with which we are not for the moment concerned ; 
secondly, the mutual induction of two conductors each affecting 
the other; thirdly, the self-induction of a conductor on itself, 
which corresponds to inertia in matter. In every case, as with 
mechanical reactions, the tendency is for the induced* E.M.F. to 
resist the change which produces it. A concrete example, which 
can be put to the test, is ready to hand in the field magnets of 
an ordinary shunt-wound generator, or any other large electro- 
magnet. If the full pressure the coil is intended to bear is 
applied suddenly to the terminals, the growing field produces a 
counter E.M.F. opposing the applied E.M.F., and it is some 
seconds before the current attains its full strength. On the other 
hand, if the circuit be opened suddenly when the magnet is at 
full strength, the field cannot vanish immediately. As it dies 
down, it produces an E.M.F. tending to keep the current going. 
This E.M.F. may be enormously in excess of the applied E.M.F., 
and may cause a serious arc at the switch contacts, or even bx^eak 
down the insulation of tlie field coils. If the operator is careless 
he may receive a most unpleasant shock in this way from a circuit 
which, in ordinary working, could be handled with impunity. 

It follows from what has been written above that if two wires 
close together are carrying the same current in opposite directions, 
their magnetic and inductive effects balance and neutralise one 
another. This fact is utilised to prevent induction in telegraph 
or telephone lines carried near power cmcuits (§ 335). If it is 
desired to wind a coil of wire that shall be ‘ non-inductive,’ the 
wire is doubled from the middle point, bringing the two ends 
together ; it is wound thus on the bobbin, so that each turn 
consists of two mutually antagonistic wires carrying the same 
current in opposite directions. 

36 . Unit (Henry) of Induction. — The self-induction of a 
winding or circuit, or the mutual-induction between two windings 
or circuits, is generally expressed in terms of the E.M.F. induced 
by a change in current at the rate of 1 A per sec., the unit of 
self- or mutual-induction being the ' henry. ’ Thus the self- 
induction of a circuit is 1 henry if current changing at the rate 
of 1 A per sec. induces an E.M.F. of 1 V opposing the current 
change. Similarly, the mutual induction of two circuits is 
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1 henry if current changing in one circuit at the rate of 1 A per 
sec. induces an E.M.F. of 1 V in the other circuit. 

An alternative definition is that the self-induction of a circuit 
is numerically equal to the number of ' linkages ’ per ampere, 
divided by 10^. The ‘linkage’ = number of magnetic lines x 
number of turns in coil, etc., with which they are linked. Both 
definitions lead to the same result. 

37. Wattless Currents. — In a D.C. circuit, current flow in- 
evitably involves power expenditure (§§ 17, 48), but this is not 
necessarily the case in an A.C. circuit. In a choking coil 
(§ 45), for instance, the eflPect of self-induction (§ 35) is to cause 
the current wave to lag nearly 90° out of phase with the pressure 
wave. Similarly, the primary coil of a transformer or auto-trans- 
former, although connected directly across the full supply pressure, 
only takes power in proportion to the power drawn off at the 
secondary. If the secondary circuit is open, so that no current is 
flowing in it, then the choking effect of self-induction causes the 
primary current wave to be almost 90'’ out of phase with the 
primary pressure wave ; the current is there, and is magnetising 
the core at each cycle, but the algebraic or vectorial product of 
the opposing waves of pressure and currents amounts to very 
little in true watts (§ 56). When such conditions obtain, the 
current is said to be a ‘ wattless current ’ ; the volt-amperes may 
have a high value and yet the true watts in the circuit may be 
negligible. The importance of this peculiarity will be seen when 
dealing with A.C. transmission of power (Chapter 14). 

The diagrams in Figs. 8 and 9 illustrate the distinction between 
watt and wattless currents. {See also §§ 56, 154.) Fig. 8 repre- 
sents the case where there is only ohmic resistance present in one 
phase of an alternating current circuit ; consequently the current 
wave is in step or ‘ in phase ’ with the pressirre wave and the 
power is the product of volts and amperes, as shown by the tall 
curve. In the first half-cycle both current and pressure are 
positive, while in the second half both are negative, so that the 
product is in both cases positive. In Fig. 9 the other limit is 
reached and the current lags 90° behind the pressure. The re- 
sulting power curve, obtained by the product of corresponding 
instantaneous values of pressure and current, is partly positive 
and partly negative, in quarter cycles; the power consumed 
during one quarter cycle is returned to the circuit in the next., 
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situated in a varying field (§ 35) whether the variation is due 
to the conductor moving from one part of the field to a part 
where the magnetic flux density is greater or smaller, or whether 
the variation is due to variations in the value of current in a 
neighbouring conductor. If the conductor in which the E.M.F. 
is induced forms part of a regular electric circuit there is a 
definite current flow in the latter, but if the conductor is simply 
a mass of metal — such as an armature core, an iron girder, or 
a metal tank or case — the induced E.M.F. causes currents to 
circulate locally in the metal, these currents being aptly termed 
‘eddy currents.’ The magnitude of the induced E.M.F., and 
therefore of the eddy currents, is greater the stronger the 
magnetic field and is therefore increased by the presence of iron. 
Also, for given field variation, the E.M.F. induced is greater the 
higher the frequency. The eddy current produced by given 
induced E.M.F. is lower the higher the resistance of the path 
through which the current flows. One method of reducing eddy 
currents is therefore to use material of higher electrical resistance 
for the parts concerned. For this reason high electrical resist- 
ance is desirable in the sheets used for armature and transformer 
cores (§ 82). The eddy currents are dissipated in the form of 
heat and the loss which they occasion varies with PB (§ 49), 
hence reducing the current I reduces the loss to a greater extent 
than it is increased by the increase in resistance B. 

Eddy currents are induced in conductors carrying alternating 
current as well as in all adjacent metal. They may produce a 
dangerous degree of heating, they may cause errors in instrument 
readings, and in all cases they represent wastage of energy. 
A useful application of this is to be found in the ‘ eddy current 
brake,’ which is often used as an artificial load when testing 
electric motors. Eddy currents are induced in a metal disc 
driven by the motor and the energy dissipated by these currents 
constitutes a load for the motor. Under ordinary circumstances, 
however, eddy currents are objectionable, and they may be re- 
duced by excluding iron (where possible) from the* path of the 
varying field, by using non-magnetic material where applicable 
(§ 84), and by interrupting or reducing the cross-section of the 
paths for eddy current flow by saw-cuts. If mechanical con- 
tinuity be required the saw-cuts are filled with insulating 
material. Eddy currents in armature and transformer cores are 
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reduced by building the latter from thin sheets of special steel 
(§ 82) insulated from each other by varnish or paper. The 
plane of the sheets is parallel to the direction of the main field 
so as not to interrupt the flow of the latter. The laminations 
are clamped together by bolts which are insulated to prevent 
short-circuiting the laminations. If slots, etc., in the laminations 
be filed the laminations may be short-circuited by particles of 
metal, and the relatively heavy cm-rent flowing through these 
particles may cause such heating as to damage the insulation on 
adjacent windings. 

Magnetic Circuits. 

40. Magnetic Field. — A magnetic field is the region round a 
magnet or current-carrying conductor (§32) within which mag- 
netic eftects are exerted on magnetic materials (§ 32) or electrical 
conductors. The unit strength of magnetic field (Table 1, § 2) 
is represented conventionally by 1 line (of magnetic flux) per 
sq. cm.; this, the unit of ‘flux density,’ is termed the ‘gauss.’ 

In every magnet a north pole is necessarily associated with 
a south pole and similar conditions obtain in the magnetic fields 
established by electric currents, so that magnetic flux has always 
a closed magnetic circuit. Unlike the electric circuit, the magnetic 
circuit cannot be ‘ opened ’ because, although some substances 
have a higher permeability (or magnetic conductivity) than others, 
there is no magnetic insulator. 

41. Magnetic Circuits. — The magnetic circuit of a permanent 
magnet consists of the metal of the magnet itself and the air path 
between its poles; the ‘magnetomotive force’ (M.M.F.) driving 
the flux round this path is determined by the pole strength of the 
magnet. Such circuits are found in permanent magnet generators 
(‘magnetos’) used for medical purposes, for ignition, and for small 
lighting sets, but in motors and generators for commercial supply 
the magnetic circuit comprises the fleld and armature cores and the 
small air gap between them, whilst the M.M.F. is provided by 
electromagnets (the field cores and their windings). 

In any magnetic circuit the conditions are largely analogous to 


There is a field of 5 gauss at 40 cm. from a very long straight conductor 
carrying 1 000 A, the return conductor being a long way off. A field of 10 gauss 
is produced at and near the centre of a plane circular coil 100 cm. diameter and 
of 800 ampere-turns (§ 42). 


37 


§ 42 ELECTRICAL ENGINEERING PRACTICE 

those in an electric circuit, and may be stated in a form similar to 
Ohm’s Law, viz . : — 

Flux — Force 

Reluctance 

The magnetic flux, or total number of ' lines of force ’ in the mag- 
netic circuit, corresponds to the current. The magnetomotive force, 
corresponding to E.M.F., is proportional to the pole strength in 
the case of: permanent magnets and, in the case of electromagnets, 
is proportional to the ampere-turns on the magnet, upon which the 
flux depcmds. The reluctance is the resistance of the magnetic 
circuit to the passage of the lines of force and is not a constant of 
the circuit, but varies with the degree of magnetic saturation (§ 4B). 

42. Magnetomotive Force; Ampere Turns. — In any form 
of apparatus using electromagnets the phrase ‘ ampere-turns ’ is 
used for tlie product of the current in amperes and the number 
of complete convolutions or turns of the wire carrying it. This 
is the practical unit of magnetomotive force. The magnetomotive 
force (in ‘ gilberts ’) produced by a solenoid of T turns carrying 
a current of I amperes is given by the formula 47r/T' / 10 and thus 
increases indefinitely in direct proportion to both the current and 
the number of turns. Due to increasing reluctance (§ 43), how- 
ever, the strength of field produced is not proportional to the 
current when the iron approaches magnetic saturation. 

Under all practical conditions the magnetising effect of a 
certain number of ampere-turns is the same whatever the value 
of the terms I and T in the constant product IT ; thus 100 turns 
of a wire carrying 1 A will have the same magnetising effect on 
a bar of iron within the coil as a single turn carrying 100 A ; in 
each case there are 100 ampere-turns. 

43. Reluctance. — The reluctance of a magnetic circuit corre- 
sponds to the resistance of an electric circuit. It increases in pro- 
portion to the length of the circuit and varies inversely with the 
cross-sectional area of the circuit. Whereas * specific resistance ' 
(§ 18) is used as a measure of the resistance offered by various 
materials to the flow of electric current, the corresponding term 

. tised in connection with magnetic circuits is ' permeability ’ which 
is analogous to the conductance (§ 18) of an electric circuit. 

^ The permeability, ya, of a material is defined as the ratio of the 
density (or ‘magnetic induction’), B, produced in that 
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As the practical problem is generally to determine the ampere-turns, IT, required 
to produce stated flux, this formula may be put in the form — 


Ampere- turns, 


IT = 


10 / Z, Zo 

— ^ i — j 

4;7r 


+ . 


= 0*8 fp 


V^iMi 




Note , — It is usual in practice to plot curves between -B and 


lOil 

47r 


(i.e. the 


ampere-turns per cm. length, tor = i!^ . = IT f 1). From such curves 

4:7r 4:Tr lOZ 

(Pig, 13, § 81) it is possible to read off at once the ampere-turns required per cm. 
length of the material concerned, to produce a flux density B in that material. 


In most cases a magnetic circuit consists mainly of' iron or 
special steel with an air-gap ; as e.g. in a motor or generator, 
where the circuit runs from the north pole of the magnet, across 
the air-gap, through the iron core of the armature, across the air- 
gap again to the south pole of the magnet, and thence back to 
the starting-point through the yoke. The air-gap greatly in- 
creases the reluctance, and is therefore reduced to as small 
dimensions as may be practicable. Some lines of force will in- 
evitably pass from pole to pole without going through the 
armature core, and will therefore produce no useful effect ; these 
constitute ‘ magnetic leakage.' 

Ohm’s Law for A.C. Circuits. 


44. Resistance, Reactance, and Impedance. — Ohm’s Law 
as stated in § 17 is only applicable when the resistance, electro- 
motive force and current are unvarying. The law can be applied 
to all direct-current circuits if both internal and external re- 
sistance betaken into account (§21) and if allowance be made for 
back-E.M.F., where present (§ 28), but it can rarely be applied to 
alternating current circuits in its simple form, because the effective 
resistance to current flow in an A.C. circuit is generally greater 
than the ohmic resistance of the circuit. 

The resistance of a conductor in ohms is an inherent pro- 
perty of the material, and is independent of the direction of 
the current and of its variations ; but when dealing with 
alternating currents another factor comes in, called ‘ reactance,' 
which has the efifect of apparently increasing the resistance — 
so that Ohm's Law as stated in .§ 17 requires to be modified. In 
explaining the term ‘ induction ’ irit § 35 the fact is brought out 
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that, whore the value of the current in a conductor is alternating, 
an E.M.F. is induced, and that this E.M.F. tends constantly to 
oppose the current which brought it into being, and so to reduce 
its value; this property may be compared in its effects with 
inertia in ordinary matter. With a steady continuous current 
there is no such action. This opposing E.M.F. differs in phase 
from the current inducing it, so that it has the effect not only of 
reducing that current in amount but also of altering its phase in 
relation to the main or ‘ impressed ’ pressure wave. A reference 
back to Fig. 1 (§ 11) may help to explain matters. The dotted 
line in that illustration shows the sine wave of an alteimating 
current, produced by the impressed E.M.F. shown in the full 
curve. At the moment the current wave is at a crest, whether 
positive or negative, the rate of change of its 
instantaneous value is practically nil, and there- 
fore the change of field strength produced by 
it is nil, so no E.M.F. of self-induction is being 
generated. If, therefore, the wave of induced 
counter-E.M.F. were plotted, it would be on the 
zero line at each crest of the current wave. On 
the contrary, at the moment when the current 
wave is crossing the zero line its rate of change, 
and consequently that of the field produced also, 
is at the maximum ; hence at these points the b 
wave of counter-E.M.F. would be at its crest. Fig. lo.— Graphical 
Furthermore, as this E.M.F. opposes the current M F ^and 

producing it, it will be rising towards a positive resistance, 
maximum when the current is falling towards 
zero, and descending towards zero when the current is rising to a 
negative maximum. 

A graphical representation will help to make the matter clearer. 
In the right-angled triangle A JBC (Fig. 10) A G represents the E.M.F. 
required to send the current through the ohmic resistance of the 
circuit, and AB represents the E.M.F. required to send the current 
against the self-induction or reactance of the circuit. Then CB 
will represent, on the same scale, the total E.M.F. which must be 
applied, in order to produce the given current against the total 
^ impedance,’ or apparent resistance, of the circuit. The angle <}> is 
the angle of lag of the current behind the E.M.F. 

Siimlarly, by altering the scale, the three sides will represent 
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true or apparent resistance, since the resistance is the E.M.F. 
divided by the current in the circuit. On this basis A C represents 
the ohmic resistance of the circuit and AB represents the reactance, 
or apparent resistance due to self-induction; consequently BG 
represents, on the same scale, the total ' impedance ’ or apparent 
resultant resistance of the circuit, which will take the place of E 
in Ohm’s Law. Whether the sides of the triangle represent volts 
or ohms, we have that: BG == mJ{AB’^ + AG^), When dealing 
with rosistance values this may be expressed — 

Impedance == ^resistance‘s + reactance*'^. 

The value of the reactance (expressed in ohms) is 27 r/L, where / is 
the number of periods per second, or the frequency and L is the 
coefficient of self-induction, expressed in henries ; the value of L 
is woi'ked out in the case of transmission lines in §§ 299 and 302 
where the formula will be found. In practice, inductance is 
generally expressed in millihenries = 1/1 000 of a henry (rnH). 

For a circuit containing only resistance and inductance Ohm’s 
Law becomes — 

JEj 

I == 

If there is also capacity in circuit an additional term is required 
in the denominator of the fraction, as explained in § 46. 

In some cases, e.g. where rapid variation of the field current of a motor or 
dynamo is required for purposes of speed or voltage control, it is necessary to take 
into account the fact that the current in an inductive circuit does not instantly 
assume the steady value corresponding to the applied voltage. If a constant D.C. 
voltage M be applied to a circuit of constant resistance B ohms and constant in- 
duotarico L henries, the value (in amperes) of the current t seconds after closing the 
K 

circuit is : I ^ — (1 - where € = the base^ of natural logarithms = 2*718 

approx. ; and u ^ B [ h ^ I J (the ‘ time constant ’ of the circuit). The ‘ time 
comtcmt ’ » L / E, and is the time required for ut to become unity ; the current then 
« (E / E) (X - €""^) « (E / E) [1 - (1 /2- 718)] = (E / E) (1 - 0* 368) - 0* 632 E / E 
or 68*2 7o stcjady current E / E. 

Similarly, the time constant of a circuit containing a capacity 0 farads in 
series with a resistance B ohms is BC seconds, and is the time required for the 
voltage and charge of the condenser to reach 63*2 % of their steady values. 

The greater the time constant of a circuit the longer it takes for steady condi- 
tions to be reached after applying an E.M.F. or changing the applied E.M.F. 

45. Choking Coils. — It will be seen from the expression for 
impedance in the preceding paragraph that a circuit may have 
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two plates of a charged condenser, and when either is discharged 
a capacity current flows naomentarily, A condenser may be com- 
pared to an air-vessel on the delivery pipe o£ a hydraulic ram, 
storing up some of the energy of each stroke at the moment and 
then delivering it back to the column of water out of phase with 
tile ram stroke; at each cycle a certain charge of water enters 
and compresses the air and then is driven out again. 

The capacity of a condenser, -whatever the form of the latter, varies directly 
with the effective surface of the plates or electrodes, and the specific inductive 
capacity of the dielectric, and inversely with the thickness of dielectric between 
the plates. The specific inductive capacity or dielectric constant or permittivity e of 
the dielectric is the ratio of the capacity of a condenser using this dielectric to that 
of tlie same condenser with air as dielectric. Values of € for various substances 
are given in Table 7, § 73. 

The parallel wires of an overhead transmission line have a 
certain capacity, depending on their geometrical arrangement 
(§§ 304-306), and so have the conductors in a cable (§ 311). In 
tliese cases the 'charging current,’ which is leading 90° in ad- 
vance of the impressed E.M.F., maybe of considerable importance, 
as will be explained in due course ; the capacity in a cable or line 
is practically equivalent to a very high resistance in parallel with 
the resistance and the reactance of the conductor, so it does not 
appreciably affect the total impedance. 

Where, however, capacity is in series with resistance (either 
alone or with reactance also) it must be taken into account 
(Oliaptcr 25). If resistance and capacity alone are present, the 
ettect of the leading capacity current is to cause the resultant 
current to load, instead of to lag behind, the E.M.F.; i.e. the re- 
sult is exactly the opposite of induction. In Fig. 10, § 44, this 
would be shown by drawing AB, now the ‘capacity reactance ’ or 
condonsance, still at right angles, but in the opposite sense ; and 
the angle ^ would be on the opposite side of AG. If both in- 
ductive reactance and capacity reactance are in series with re- 
sistance tliey are in direct opposition (180° apart), and as both are 
expressed in ohms their difference is taken by vectorial or algebraic 
addition. In Fig. 10, after setting off the inductive reactance, 
AB, tlio capacity reactance would be set hack from B along BA 
to a point D ; and the line DC would then represent the net 
impedance; and angle would then be the angle of phase 
difference, either lagging (as shown) or leading if the capacity 
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prefwnderated and D were on the other side of In symbols 
the impedance is expressed as 

+ [2,/i - 

where C, the capacity, is expressed in ‘farads.’ Ordinarily 
capacities are expressed, for greater convenience, in ‘ micro-farads ' 
or millionths of a farad (/jlF) ; an example is given in Chapter 25 
in connection with the use of condensers for electric lighting 
circuits. If the two reactances exactly balance, the current will 
be in phase with the E.M.F. and the impedance will be the same 
as the resistance ; this gives the conditions necessary for resonance 
or syntony in the circuit, which may cause an almost unlimited 
rise of pressure if the ohmic resistance is low enough. 

47. Resonance or Syntony. — A combination of inductance 
and capacity in series* has a definite rate of electrical oscillation 
or frequency of its own, and, if L and K have such a relation that 
this natural frequency coincides with that of the E.M.F., the 
E.M.F. rises just as the pendulum increases its swing if struck 
synchronously. Thus, consider a circuit consisting of a non-in- 
ductive resistance B of 5 XI, an inductance L of 0 5 H, and a 
capacity C of 5T yaF, all in series, with an E.M.F. of 100 V im- 
pressed on it, and ascertain at what frequency it will be resonant. 
This condition of ‘ critical frequency ’ is found when the induc- 
tance and capacity just balance, i,e. when ^irfL - 1 f^irfC == 0. 
This equation must be solved for /. Substituting the above 
values for L and G and expressing G in farads, the equation be- 
comes 27r/ X 0*5 - (1 / ^tt/ X 0* 000 005 1) = 0, from which / = 
100 periods per sec. Put in another way, the time interval be- 
tween the crests of successive waves, or natural frequency, is 
27r^LO, which here equals 6*28 x ^0’ 000 002 55 or 0*01 sec. 
giving 100 periods. The wave length, that is the distance be- 
tween the crests of successive waves, or between points of equal 
intensity of electric stress, is equal to the velocity of propagation 
multiplied by the time interval. Taking the velocity of propaga- 
tion as equal to the velocity of light, the wave length here will be 
300 000 000 X 0*01 or 3 000 000 m. 

As the two reactances balance at the critical frequency, the 
current will simply* £1'/ JB or 100 / 5 ~ 20 A, and it will be seen 
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that if it were possible to reduce the ohmic resistance to zero,^ 
the current (and therefore the pressure rise also) would be infinite. 
In the example chosen, the pressure across the condenser (which 
might be an underground cable) would be 1/ ^tt/G == 6 280 V, and 
the pressure across the inductance would be / x 27rfLj giving the 
same figure. (See also § 350.) 

The above is a case of resonance of the fundamental frequency 
of 100 periods found for this circuit; but as the wave of an 
alternator is not a true sine wave, but contains superposed odd 
harmonics, these latter may also give rise to the phenomenon, 
and indeed do so more often in practice. What is, however, a 
danger to be guarded against in electrical engineering becomes a 
most valuable aid to the utilisation of high-frequency currents in 
wireless telegraphy and medical treatment ; and it has even been 
proposed to utilise resonance in the transmission of power to ex- 
treme distances up to 1 000 miles by means of ‘ half-wave ' and 
‘ quarter-wave ’ systems (§ 318). 

Power and Work. 

48. Current and Power. — The practical unit of electrical 
power (i.e, the rate of doing work) is the watt ; if a pressure of 
100 V, applied to the terminals of any apparatus, causes a current 
of 2 A to flow in it, then the power used in that apparatus is 200 
W, and by Ohm's Law the resistance of the conductor carrying 
the current will be 50 H. 

1 watt = O’ 001 34> H.P. = 3*41 British thermal units 
(B.Th.U.) per hour = 0*73 ft. -lb. per sea = 44*24 ft.-lbs. 
per min. 

Note. — A British, thermal unit is the quantity of heat required to raise 1 lb. of 
water 1® F. It is equal to 0*252 kg. -cal. A kg.-cal. or ‘ great calorie * is the 
quantity of heat required to raise 1 kg. of water 1® C. A * therm ’ is 100 000 
B.Th.U. 

49. PH Watts. — As a general rule, when dealing with the 
power utilised or expended in heat in any circuit or apparatus, 
the power is more conveniently obtained by the derived formula 
(§ 17) Watts = PB, which in the above case gives us 4 x 50 or 
200 W as before. This is the rate at which energy is being dis- 

* Ohmic resistance reduces the peak value of current or voltage in cases of 
electrical resonance, just as friction reduces the amplitude of mechanical reson- 
jance. 
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sipated in the conductor, and while part of it will raise the tem- 
perature, part will be radiated away. Although the terms are 
synonymous, it is the custom to confine the use of the phrase 
PB to energy wasted uselessly in any piece of apparatus or in a 
line, while calling the power usefully employed I x E or IE. 
Confusion between power utilised and power lost in transmission 
is a fruitful source of misunderstanding, and a simple example 
may serve to remove this. Suppose two conductors to have a 
difference of potential of 100 V between them, which is maintained 
by a generator under all conditions : from terminals on these main 
conductors two wires, each having a resistance of 0*5 are led 
to an electric heater having a resistance of 9 H. The total resistance 
in this external circuit will therefore be 10 XI, and, by Ohm’s 
Law, the current will be 10 A. The total power in the circuit 
will be FJI = 100 V X 10 A - 1 000 W or 1 kW. The power 
lost in the connecting wires is 10^ x 1 or 100 W, and 10 V are 
lost in them. The power usefully employed is therefore 90 V x 
10 A = 900 W, which brings the total up to 1 kW. This, however, 
is all dependent on the initial assumption that the generator con- 
stantly maintains 100 V pressure at the point where the circuit 
under consideration begins. If it is sufficiently powerful, and is 
driven by a suitable engine, this will be the case. But although 
designed to give 100 V pressure, the generator may be incapable 
of an output of 1 kW, For example, the source of power may be 
50 small secondary cells, giving a pressure of 100 V on open 
circuit. If now the internal resistance of the battery has a value 
of 1 XI, the total resistance in the complete circuit becomes 11 XI, 
and hy no possibility can more than 100 / 11 or, say, 9 A flow in 
it. The example given in § 21 will help to make this clear. 

50. Kilowatts. — For convenience, the term kilowatt (kW) is 
used for 1 000 W in dealing with power on a large scale : — 

1 kW = 1 000 W = 1-34 H.P. - 737 ft.-lbs. per sec.^ = 56*86 
B.Th.XJ. per min. 

746 W = 0* 746 kW = 1 H.P. == 560 ft. -lbs. per sec. = 42*4 
B.Th.U. per min. = 2*28 lbs. water per hr., raised from 
60° F. and evaporated at 212° F. 


* This is, strictly speaking, only true at sea-level and latitude 50®. Elsewhere 
the weight of a mass of 1 lb. varies. Consequently a string of decimals of a kilo- 
watt, etc., is seldom accurate, apart from errors of instruments and other dis-- 
turbing causes. 
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The output of a generator is expressed in kilowatts ; thus a 
generator marked 100 V, 50 A would have an output of 100 x 
50/1 000 = 5 kW. It is useful to remember that 1 kW supplied 
to a motor will generally produce 1 brake horse-power at the 
pulley ; in large motors the B.H.P. is somewhat higher in pro- 
portion. 

51. Electrical Horse-power. — It has been often noticed that 
civil engineers, even those high up in the profession, are not clear 
on the significance of the International horse-power; i.e, they be- 
lieve the 'value of the H.P. to differ according to where it occurs 
in a chain of conversions, instead of its being always equivalent 
to energy expended at the rate of 550 ft.-lbs. per sec. It may 
therefore not be amiss to give two examples employing the con- 
stants in the preceding paragraphs, on the basis of an original 
1 H.P., premising that the efficiencies assumed would only apply 
to much larger plant. 

First, a turbine utilising 330 lbs. of water per min. under a head of 100 ft. , 
giving 33 000 ft.-lbs. per min., or 1 theoretical (or water) horse-power. Then 
the turbine, if it has an efficiency of 75 °/o, will give 0*75 B.H.P. (brake 
horse-power). If this is used to drive a dynamo with an efficiency of 90 
the latter will then give out 0*675 E.H.P. (electrical horse-power) or say 500 watts. 
Continuing the chain, this power is employed to drive a motor with an efficiency 
of motor and transmission of 85 ®/o 5 motor will then give out 0* 575 
B.H.P. This motor drives a pump with an efficiency of 70 which will 
deliver 0*4 H.P. to the column of water. Thus the overall efficiency of the whole 
chain is 0*75 x 0*9 x 0*85 x 0*7 == 0*4 or 40 ®/o, and the whole of the original 
water could he pumped back up 40 feet of its original fall while 13 200 ft.-lbs. 
per min. would be recovered from 33 000. 

A similar example can be given in steam practice. It will be seen from the 
constants in § 50 that 1 H.P. is equivalent to 42*4 B.Th.U. per min. The heat 
contained in 8 or 9 lbs. of coal burnt in 1 min. would be generated at this rate. 
Owing to the low thermal efficiency of a steam engine, coupled with the losses in 
the boiler, the indicated horse-power in the engine cylinder would be about 0*22 
I.H.P. and the crank shaft would give about 0*2 B.H.P. The generator driven by 
this would give out 0*18 E.H.P. (134 watts) and if this power were expended en- 
tirely in heat it would produce 7*6 B.Th.U. per min. out of the original 42*4 with 
an overall efficiency of 18 °/o. 

The Continental or metric horse-power is slightly different, 
being 75 Icg.-m. per sec., equal to 736 W. The late Professor 
Silvanus Thompson advocated the international kilowatt as a 
preferable unit of power, to replace the horse-power entirely. 

52. Work ; Kilowatt-hour ; Unit. — The kilowatt-hour (kWh) 
is the practical commercial unit of electrical work pcrfq^med^ and 
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is called a 'Board o£ Trade Unit’ (B.T.U.), or simply a 'unit/ 
when dealing with the consumption o£ energy in an installation ; 
the term ' Kelvin ’ is also used, and has oflBcial sanction, but has 
not found much favour as yet : — 

1 kWh or B.T.U. = 1 000 volt-ampere-hours or watt-hours 
= 1*34 H.R-hours = 2 656 400 ft.-lbs. = 3 412 B.Th.U. 
= 22*7 lbs. of water raised from 62° to 212° F. = 3*1 lbs. 
water raised from 60° F. and evaporated at 212° F. 

Obviously either 1 kW for 10 hours or 5 kW for 2 hours will 
give 10 units. 

53 . Horse-power-hour. — ^It will be convenient here to give also 
the equivalents of the practical mechanical unit of work, the horse- 
power hour ; — 

1 H.P.-hour = 0* 746 kWh = 1 980 000 ft.-lbs. - 2 545 B.Th.U. 
= 17 lbs. of water raised from 62° to 212° F. = 2*28 lbs. 
of water raised from 60° F. and evaporated at 212° F. 

In calculating the capacity of storage reservoirs for water- 
power the relations in this and the previous paragraph will be 
found very useful (see example at the end of § 239). 

54. Measurement of Power and Work. — Watts are the pro- 
duct of current and pressure, and, as the pressure of an installation 
is usually fixed within narrow limits, the product of this fixed or 
standard pressure and the amperes will give the power in the circuit 
in watts at any one time. If the mean power over any given 
period is found, i.e. the product of the standard pressure and the 
mean current, then this multiplied by the time will give the work 
done in watt-hours. This may obviously be expressed also as the 
product of the standard pressure and the ampere-hours. 

Most of the domestic supply ' meters ’ on continuous current 
circuits are in fact integrating ampere-hour meters calibrated in 
B.O.T. units (§ 114). In alternating current installations integrat- 
ing watt-hour meters are, however, generally used (§ 115). 

Watt-hours divided by 1 000 give kilowatt-hours or ' units ’ 
(B.T.U.). 

55. Power in Alternating Current Supply. — ^Where the 
supply is alternating current the product of volts and amperes 
does not necessarily give the power in the circuit, as the waves of 
pressure and current may be, and generally are to some extent, 
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out of phase with one another (§11). It is necessary in such 
cases to multiply the product in volt-amperes by the cosine of the 
angle <p of phase difference (cos ^ is commonly called the * power 
factor ’), which, under ordinary circumstances met with in practice, 
may vary from 0*6 to unity according to the nature of the circuit 
(§ 157). A suitable wattmeter or watt-hour meter will, however, 
give correct indications. It is necessary to differentiate here 
between true power, expressed in kilowatts, and apparent power, 
expressed in kilo-volt-amperes. This point is discussed in the 
following paragraphs, and many examples occur in Chapter 14. 

56. True and Apparent Power ; Power Factor. — Fig. 1, 

§ 11, is a diagram showing the wave form of an alternating 
electromotive force, and the consequent wave of current in a 
circuit. In explaining this diagram in §§ 11, 37 it was stated 
that these two waves do not always coincide, or are not always 
‘in phase’ with one another; consequently the power is not 
always the product of the pressure and current as shown by a 
voltmeter and an ammeter. If the instantaneous values of current 
and pressure be taken at any moment their product will be the 
power at that moment ; but this will be no guide either to the 
power a fraction of a second later or to its integrated value 
during the whole period. If in the case of Fig. 1 a single curve 
is made, on the same scale, to represent the product from moment 
to moment of the instantaneous values of current and pressure, 
this resultant curve will evidently represent the actual power at 
each instant. Now so long as the two waves are both positive, 
or above the zero line, or both negative, or below it, the algebraic 
result must be positive and power will be flowing into the circuit ; 
when either wave is on the zero line the power product must for 
the instant be nil, and the resultant curve must be crossing the 
zero line also ; while for so long as one wave is positive and the 
other negative the resulting power must be negative (see also 
Fig. 9, § 37) — i.e. power is going back momentarily into the 
generator from the circuit, just as in the single-acting Willans 
engine the power consumed in compressing air below the piston 
on the down stroke is delivered back to the crank on the return 
stroke. The resulting power curve, P, chain-dotted in Fig. 11, is 
a cosine curve, and it will be found to differ from those of which 
it is the product, as it will complete one period during each half 
period of the supply ; and the areas above and below the datum 


EXPLANATION OF ELECTRO-TECHNICAL TERMS § 56 

line may be equal (Fig. 9, § 37) or may vary until the negative 
component vanishes (Fig. 8, § 37). The shaded portion of the 
curve below the datum line represents power momentarily return- 
ing to the circuit. The amplitude of the cosine power curve is 
half the product of the amplitudes of the constituent sine curves ; 
its axis is removed above the axis of the constituents by an 
amount which is half of the product of the amplitude of the con- 
stituents multiplied by the cosine of the angle, <f>, of their phase 
difference. In the figure the current is 1 / 12 of a period or 30° 
out of phase with the E.M.F. (i.e, (j) = 30°), the maximum value 
of the current corresponding to 50 A, and that of the pressure, 
Erm to 110 V (instantaneous values). If on these scales the pro- 
ducts of the simultaneous values are taken throughout a whole 



period, the power curve can be plotted from these products as 
shown. Its amplitude will be 110 x 50 / 2 = 2 750 and its axis 
will be at a point ^ x 110 x 50 x cos 30° == 2 380 above the 
principal axis. The maximum instantaneous positive value of the 
power will be 4 760 W at the peak of the wave. The net power 
delivered to the circuit will be the difference between the areas 
of the two parts of the curve above and below the zero line. 

From this several facts will now be obvious. In the first 
place, if the waves of ciurent and pressure are exactly coincident 
in phase (Fig. 8, § 37), the product must always be positive 
except at the moment it touches zero ; the circuit is then said to 
have a power factor of unity. Secondly, if the waves are in 
quadrature or 90° out of phase (Fig. 9, § 37), the power put into 
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the circuit during one quarter-period returns to the generator 
during the next quarter, so that no power is actually delivered at 
all, despite the fact that the volts and amperes as shown on the 
measuring instruments may he at a maximum ; the circuit then 
has a power factor of zero, although the instantameous values of 
the power, and the consequent mechanical stresses, may be very 
great. Thirdly, in cases intermediate between these extremes, the 
actual power is greater or less according to the extent to which 
the current is out of phase with the pressure, as will be seen if a 
series of curves is constructed on the above lines ; and the power 
factor varies accordingly. If the waves are out of phase by any 
particular fraction of a period (expressed as an angle, in degrees, 
in relation to the cycle of 360°), then the product of the volts and 
amperes as indicated on the measuring instruments gives the 
‘apparent power’ in volt-ampeies or kilo- volt amperes (kVA); 
and in order to find the true power this product must be multiplied 
by a number called the ‘power factor ’ (P.F.), which is the cosine 
of the angle of phase difference, commonly called cos (f> {8ee also 
§§ 109-111).* Conversely, to find the apparent power, the true 
power must be divided by the P.F. In practice the P.F. may be 
anywhere from 0*5 to unity, though generally in the neighbourhood 
of 0*8. Non-inductive apparatus, such as glow-lamps, gives a P.F. 
of unity, i.e, the current and pressure are ‘ in phase ’ with one 
another ; f in transformers, motors, and other apparatus having an 
inductive magnetic circuit, the current and pressure are to a greater 
or less extent ‘out of phase,’ resulting in a P.F. less than unity, 
which varies according to the load for the time being. This remark 
applies also to circuits having capacity (§ 46), except that the 
current is then in advance of, instead of behind, the E.M.F. This 


* Referring to Fig. 10 (§ 44), the power factor of tte circuit represented by 
ABC is : cos <f> = AO / CB = Eesistanee J Impedance. If the circuit contains only 
resistance JR and inductance JJ, tbe impedance = Then 

oos ^ = B/ JIS? + (2^/B)»] = 1 
which is sometimes a useful relation. 

fit should be noted that the fact that current and pressure waves are in 
phase is not alone sufficient to make the power factor unity ; the waves must also 
be similar, i.e, the resistance must he constant. Even if the inductive effect of 
the control-magnet coils of an A.O. arc be eliminated, so that the pressure and 
current waves are in phase, the current wave is distorted by the varying resistance 
of the arc and the power factor is less than unity (§ 166). 
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is more fully dealt with in connection with transmission of power 
(Chapter 14). 

Returning to the power curve in Fig, 11, its average value can 
be proved to be cos (f> or 110 x 50 x O' 866 / 2 = 2 380 W. 

That this is so can also be found by using the R.M.S. values 
instead of the maxima. As shown on instruments, the E.M.F. 
will be 110 1 ^2 = 77*7 V and the current 50 1^2 = 35*35 A. In 
this particular case the phase difference between E and I is 30° 
and the P.F. is therefore cos 30° or 0* 866, so that the power will 
be 77*7 X 35*35 x 0* 866 = 2 380 This alternative method 
of consideration amounts to pointing out that ^2 x ^2 ] 2 
= unity. 

By way of example, suppose on an alternating current supply there are 
50 lamps, taking 100 W each, or 5 kW at 110 Y ; the current will then be 45*5 A, 
as the load is non-inductive and the waves of pressure and current will rise and 
fall together. The P.F. is therefore unity and the consumption will be 5 units 
per hour. If on the same supply there is a motor, also consuming 5 units an 
hour, and therefore also taking 5 true kilowatts, but having a P.F. of 0*8, then 
the apparent power taken by the motor will not be 5 kW but 5 / 0*8 or 6*26 kYA. 
Therefore the current will be 6*25 / 110 or 56*9 A, instead of 45*5, and the wires 
must be of larger size accordingly. The power factor 0*8 is the cosine of 36°, so 
this will be the value of <{>, the angle of phase difference, on the assumption that 
the waves are sine waves. 

The average value of the product of two sine waves 90° out 
of phase with one another is zero, and this is almost the case with 
the pressure and current in the primary coil of a transformer on 
‘ open circuit,’ i.e. with no current flowing in the secondary coil 
(§ 37). Although the full pressure is on the primary coil, and is 
causing a current to flow which fully magnetises the iron core on 
which the coils are wound, the power used is extremely small, 
viz. only what is used in heating up the wires and in magnetising 
and demagnetising the iron at each cycle {i.e. hysteresis, § 34). 
The balance is returned to the circuit, at each half-cycle, as shown 
in the shaded part of Fig. 11. If a current is taken from the 
secondary coil, and increased in amount, the two waves tend to 
coincide, and the power factor rises ; but it never reaches unity 
in a transfoirmer. 

57. Energy Stored in Magnetic and Electrostatic Fields.— 

The energy stored in a magnetic field of density R lines per 
sq. cm. is IP / Stt ergs per cu. cm. of the field. A more convenient 
form of this expression for the case of a solenoid of IT ampere- 
turns linked with a total flux of <P lines, is : Energy stored in 
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magnetic field = ^IT / 20 ergs = ^LP x 10’^ ergs, where L == self- 
induction of coil, in henries. The energy thus stored is expended 
in a vicious arc at the contacts if an inductive circuit he interrupted 
suddenly. Another striking example of energy so stored may be 
seen in the case of a shunt motor ; on opening the main switch 
the kinetic energy of the armature is expended in generating a 
current which flows through the field coils, and the machine is 
soon stopped by this ' electrodynamic braking.’ If the field wind- 
ing is relatively powerful or 'heavy,’ the energy stored in it will 
cause the armature to make a few revolutions in the reverse 
direction after it has come to rest for the first time. 

The energy stored in a condenser of capacity G farads when 
charged to a potential difference of V volts is : x 10 "^ ergs. 

The above assumes a constant field or a constant state of 
charge of the condenser. If the field is produced by a sinu- 
soidal current the energy stored during one quarter-cycle is 
X 10 "^ ergs where = max. value of current. Similarly, 
if the condenser be charged by sinusoidal E.M.F., the energy 
stored during one-quarter cycle = x ergs, where 

F^n = max. value of applied pressure. 

(1 joule = 10^ ergs = 0* 735 ft.-lb.) 

58 . Bibliography. — At the end of each chapter in this book 
there will be found a short list of textbooks which the authors 
can recommend as being useful for further study. These lists 
are not offered as being complete, but every effort has been made 
to present a useful and impartial selection. As regards papers 
read before institutions and societies, it would be impracticable 
to give a complete bibliography, and the authors have therefore 
decided to mention in the bibliographical lists only those papers 
which have been read before the Institution of Electrical En- 
gineers (London). The Journal of the Institution is, or should 
be, in the possession of most readers of this book. Valuable 
references to papers and articles in other publications are to be 
found in Science Abstracts, 

The books mentioned below deal with broad subjects or give 
data of more or less general applicability in all branches of elec- 
trical engineering. The bibliographies appended to later chapters 
include publications bearing directly on the subject matter of the 
respective chapters. 
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MATERIALS. 

59. Classification by Conductivity: Conductors and In- 
sulators. — The materials used in electrical engineering may easily 
and conveniently be divided into the two main groups ‘con- 
ductors’ and ‘ insulators. ' There is no such thing as a perfect 
insulator, for all substances conduct electricity to a greater or less 
extent, but the difference in resistivity between ‘ conductors ’ and 
‘ insulators ’ is so enormous that there is no possible ambiguity 
iu this classification. Thus slate, which is a relatively poor in- 
sulator, has a specific resistance of about 100 megohms/cm. -cube, 
whilst that of a high-resistance alloy may be 120 microhms/cm,- 
cube; the ratio between these values is 8*3 x 10^^: 1. The ratio 
between the specific resistances of the worst and best conductors 
is much smaller, e.y. the specific resistance of nichrome is 110 
microhms/cm.-cube at 0° C., or ahout seventy times that of copper 
at the same temperature. 

In addition, however, to the main division between conductors 
and insulators it is convenient to discriminate between good and 
bad conductors. This may be done by reserving the term ‘ con- 
ductor ’ for high-conductivity materials such as copper and alu- 
minium or, in general, for materials used where conductivity is 
desirable and resistance is objectionable; and by applying the 
term ‘resistance materials’ to high-resistance alloys and other 
materials which are used deliberately to dissipate energy, as in 
motor starters and heating elements. There is no clear boundary 
between conductors and resistance materials as thus defined. For 
instance, steel has a suflBciently high resistance to justify its use 
as a resistance material, yet it is sometimes used as a conductor 
where great mechanical strength is required. Similarly liquid 
solutions (electrolytes) of metal salts and acids are necessarily used 
^,8 conductors in batteries and electrolytic deposition, but they are 
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used as resistance materials in some types of motor starters and 
controllers. 

Taking the resistance of copper, the principal ' conductor,’ as 
1*0, that of 'resistance alloys’ is from 12 to 70, and that of 'in- 
sulators ’ is many thousands of millions. 

Constants of conductors and resistance materials are given in 
Table 6 (p. 66), and of insulating materials in Table 7 (p. 78). 

6o. Classification by Other Physical Properties. — Though 
conductivity and insulation are two of the most important pro- 
perties of materials used in electrical installations, there are other 
physical properties which must be considered, e.g , : — 

[a) Mechanical Peoperties, such as ductility, strength, modulus of 
elasticity, etc., which determine the applicability of the material from the con- 
structional point of view. These properties have specially to be considered 
where very fine wires are concerned {e.g, lamp filaments) ; where stresses are 
severe [e.g. in high-speed rotors, transmission line spans, etc.) ; and where rela- 
tively weak material (such as porcelain) used for insulation, is subjected to severe 
mechanical stress. 

The density of a material is principally of importance in regard to the estima- 
tion of the weights of parts. These factors are useful — 

Weight per cu. ft., in lb. = 62*43 x density. 

Weight per cu. in., in lb. = 0*036 x density. 

Weight per cu. cm., in grm. « density. 

{b) Thermal Characteristics. — The temperature coefficient of expansion of 
a material is important where exact dimensions have to be maintained (as in 
certain instruments) ; where expansion and contraction vary the stresses between 
points which are fixed mechanically (as in long rigid conductors or transmission 
line spans) ; where differences in expansion may crack joints, etc. (as in lamp 
bulbs, composite insulators, etc.) ; and in liquids where convection currents con- 
tribute to natural cooling (as in oil-immersed transformers). The specific heat of 
a material is important where absorption or storage of heat is concerned, low 
specific heat being desirable where minimum absorption and rapid heating are 
required, and high specific heat being desirable for maximum storage of heat. 
Thermal condmtivity is important in determining the rating of machinery and 
the efficiency of furnaces, etc. ; it should be high where unavoidable heat losses 
have to be dissipated as rapidly as possible {e.g. through the insulation of 
machine windings), hut it should be low where heat losses have to he reduced (as 
from electric furnaces). The melting-point of a material determines the maxi- 
mum temperature at which it can be operated in solid form, and this is of practical 
importance in connection with lamp filaments, refractory bricks, etc., but the 
limiting temperature at which conductors can be operated is generally the maxi- 
mum temperature at which their insulation can be operated without deteriora- 
tion (§ 80). 

(c) Magnetic Properties. — The magnetic properties of iron and certain' 
special iron alloys (§ 82) are essential to commercial electrical machines and 
transformers. With the exception of the iron group there are no magnetic 
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materials of commercial importance. Non-magnetic materials are definitely 
required where self-induction and magnetic leakage are to be avoided. Unfor- j 

unately there is no magnetic insulator ; ‘ non-magnetic ’ materials are those I 

which have no higher permeability (§ 43) than air. 

( d ) ELECTRicAri Pboperties other than Conductivity. — The conductivity 
(or resistivity) of a ‘ conductor ’ (§ 59) is its only electrical property of practical 
importance. On the other hand, the resistivity of insulators is relatively unim- 
portant and generally indeterminate (§ 71). The insulation resistance of a wind- 
ing or network (§§ 4, 281) is generally determined by moisture or by conducting 
particles; the resistivity of the insulation itself is so high that, in the absence of 

« such foreign influences, break-down occurs by puncture when the electrostatic 
stress exceeds the dielectric strength of the material (§ 72). 

The capacity of any condenser increases in direct proportion to the specific 
hiductive capacity (§ 46) of the dielectric. The conductors of insulated cables act, 
with regard to each other and to earth, as the electrodes of condensers in which 
the insulating material is the dielectric ; the higher the specific inductive capacity 
of the insulating material, the greater the quantity of electricity required to 
charge the cable and, therefore, the heavier the charging current (§ 311). The 
different specific inductive capacities of various insulating materials (Table 7) 
makes it possible to control the potential gradient in a ‘graded insulation’ 

(§§ 79, 289). 

The reversal of electrostatic stress in any insulation subjected to alternating 
P.D. involves dielectric hysteresis (analogous to magnetic hysteresis, § 34) ; the - . 

energy thus expended in the dialectic heats the latter and may represent an ?! 

appreciable loss (§ 311). 

(e) Chemical Properties. — Purity and homogeneity are desirable in most h 

electrical materials; for example, small traces of impurity increase greatly the 
resistance of copper and the conductivity of the cast metal is lower than that of ; ; 

rolled copper. Homogeneity in insulating materials makes for uniformity in P 

dielectric strength ; air films are particularly to be avoided (§ 79). j 

Resistance to moisture and corrosicni (atmospheric or chemical) is generally a j 

desirable and often an essential characteristic. ; j 

According to the relative importance of the above-mentioned 
properties in individual applications, electrical materials can ? 

be classified in any number of groups. For our purpose, it is 
convenient to adopt the general classification: Conductors, re- j; 

sistance materials, insulating materials, magnetic and non- 
magnetic materials, and refractories. Data bearing on other | 

characteristics are given where of special interest. 

6i. Temperature Coefficient of Resistance. — The specific 
resistance (§18) of any material is a constant for any specified 
temperature, but varies with temperature. The resistance of 
copper and most other conductors increases with temperature, 
i.e. the temperature coefficient of resistance is positive. Con- 
stantan and other useful alloys have practically constant resist- 
ance within wide limits of temperature, i.e. they have zero (or 
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nearly zero) temperature coefficient of resistance. The resistance 
of carbon, of electrolytes, and of india-rubber and other dielectrics 
(§ 71) decreases as the temperature rises, the temperature co- 
efficient of resistance is negative. The positive temperature co- 
efficient of, say, iron may be used to compensate for the negative 
coefficient of the electrolyte in electrolytic ampere-hour meters 
(§ 114). 

In general, the resistance of a conductor varies with tempera- 
ture according to the law 

Rt = jBq (1 + Cli) .... (1) 

where Bt, Bq are the resistances at temperatures f and 0° 0. and 
a is the temperature coefficient of resistance per 1'’ C.* This 
simple relation holds good only for a limited range of tempera- 
ture, say 100'" C. The resistance at temperature t is expressed in 
terms of the resistance at 0° C. If the resistance be at some 
other temperature t' we have: B't — Rq{ 1 + at'). Dividing this 
equation by equation (1), we have — 

Bt _ ^ oit' _ - a(t' - t) 

'Wt ~ 1 + at ~ ^ I + at ’ 
whence . B/ = + YT~at ' ~ 

This means that the resistance at a temperature t' can be calcu- 
lated directly from the resistance at a temperature t (without 
reference to the resistance at O'’ C.), by using the formula — 

Bt = Bi[l + - t)] , . . . (2) 

in which /3 = a/(l + at) == ^)* 

In other words, if a be the temperature coefficient of resistance 
for equation (1), which is based on resistance at 0° C., then /3 is 
the temperature coefficient of resistance for equation (2), in which, 
the basic resistance is that at f C. 

For copper, a = 0* 004 265 at 0° C. ; and ^ = 1 / (234-5 + i) = 1 / (234*5 + 20) = 
0* 003 93 at 20° 0. If the resistance E 2 Q at 20° 0. be known we could calculate the 
resistance at 0° 0. from : = Bq (1 -h *004 265 x 20) = 1* 085 3 Bq ? the 

resistance Bqq at 30° C. from : = Bq (1 + *004 265 x 30) = 1*128 Bo, but it is 

simpler to work from : B^o = Bgg (1 + *003 93 x 10) = 1* 039 3 B^g. The result 
obtained is the same by both methods. 


The temperature coefficient per 1° F. = | x the coefficient per 1° G. 
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The variation of resistance of a conductor with temperature 
may be utilised to determine the temperature of the conductor 
(§ 122 ). 

Conductor Materials {see Table 6, p. 66). 

62. Copper. — Copper is by far the most extensively used 
electrical conductor, combining, as it does, high electrical con- 
ductivity with excellent mechanical properties and relative im- 
munity from oxidation and corrosion under service conditions. 
Electrolytic copper is practically pure. The smallest traces of 
impurities increase enormously the resistance of the metal. 
Hard drawn wire is used for overhead conductors (§ 307), due 
to its superior tensile strength ; for most other purposes the 
softer, annealed wire (§ 280) is used, this having 2 or 3 7o 
lower resistance. Rolled bars are used where large sections are 
concerned. Copper castings are liable to be unsound. Copper 
gauze brushes are still used on low voltage, heavy current 
dynamos for electroplating, etc.* 

The international stafidard of resistance for copper, as laid 
down by I.E.O. Publication No. 28, is based on the following 
values : — 

Standard Annealed Copper at 20° C. (68° F.), 

(i) Besistance of a wire 1 metre long and of uniform section 1 sq. mm. = 

1 /58 n = 0* 017 241 n (= volume resistivity, § 18). 

(ii) Density, 8*89 grm. per cu. cm. 

(iii) ‘ Constant mass ’ temperature coefficient of resistance, 0- 003 93 per degree 
Centigrade. 

(iv) Besistance of uniform wire 1 metre long, weighing 1 grm. = 0* 153 28 n 
(= mass resistivity, § 18). 

It is stipulated that the conductivity of commercial annealed 
copper be expressed as a percentage, at 20° G, of that of standard 
annealed copper. The temperature f 0., at which measurements 
are made, must be within ± 10° 0. of 20° C., i.e. between 10° C. 
and 30° 0. Then if B be the resistance at f C. of a copper wire 
L metres long weighing m grm., the percentage conductivity of 
the copper is — 

TOO 0*153 28 

"" + 0 - 000 6 (20 - 0 ' ' 

* Sparking and wear on the commutator may he reduced by soaking the 
brushes periodically in a mixture of vaseline and finest graphite ; this treatment x 
is permissible only for low voltage machines (10-16 V). 
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Data, consistent with those above, adopted by the B.E.S.A., 
are as follows : — 

Standard Annealed Copper at 60° F. (15*6° C.). 

Weight = 555*11 lbs. per cu. ft. 

Specific gravity = 8*892. 

^ , area in sq. in. 

Weight per yard = gram*. 

= 11* 561 X (area in sq. in.) lbs., approx. 

r. . . , , , 0*000 0240079 ^ 

Resistance per yard (annealed) = ^* 

^ ^ V 0*000 024 728 ^ 

„ (hard-drawn)=-^-j^--^-n. approx. 

Resistance per 1 000 yds. (annealed) ~ n / W where 
W = weight of wire in grains per yard ; and 
== 1 943 for plain standard annealed copper 
= 1 982 for tinned wire from 0*007 in. to 0*036 in. dia. inclusive 
— 1 962 for tinned wire exceeding 0*036 in. dia. 

Coefficient of linear expansion = 0* 000 009 44 per 1° F. 

==0*000 017 per 1° 0. 

The temperature coefficient of resistance of standard annealed 
copper is 0* 004 26 at 0° C. and 0* 003 93 at 20° 0. (§ 61).^ The 
coej0S.cient decreases with the percentage conductivity of the 
copper (as expressed at (I) above) ; down to 90 7o conductivity 
the temperature coeflScient of resistance of copper of p con- 
ductivity may be taken as {p J 100) x the temperature coefficient 
of standard annealed copper at the same temperature. 

B. Welbournf gives the following values for the modulus of 
elasticity of hard-drawn copper strands : — 

20 000 000 lbs. per sq. in. for T-strand cable. 

17 500 000 „ „ „ 19- „ 

15 500 000 „ „ „ 37- „ 

63. Aluminium. — ^Aluminium is often used in place of copper 
for bus-bars and overhead transmission lines and, less frequently, 
for insulated cables and windings. It is much lighter than 
copper (the ratio of the densities being 1 : 3*42), and its electrical 
conductivity and mechanical strength are lower than those of 

*For a temperature rise of 60° G., which is not uncommon in practice 
the resistance at 0° 0. must be multiplied by 1 + (50 x 0*004 26) = 1*218. This 
shows the futility of expressing commercial electrical quantities to within 1 in 
1 000 ; only when all relevant conditions are stated can there be any justification 
for such expression. 

’\Jour, I.E.JS.f Vol. 66, p. 63. 
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copper, in about equal ratios, so that, for equal electrical conduc- 
tivities, aluminium and copper conductors are of nearly equal 
strength. The wind pressure and weight of snow are, however, 
greater oh an aluminium line than on a copper line of equal 
conductivity because (the specific conductivity of aluminium being 
about 61 7o copper), the aluminium line is of 65 7o 

greater cross-section and 28 greater diameter than the equiva- 
lent copper line. The relative weight of electrically equivalent 
conductors is aluminium 0*48, copper 1*0, so that the bare metals 
are about equally economical when the price of aluminium is 
2*08 times that of copper. Additional information on the use of 
aluminium for overhead lines is given in §§ 308, 331. 

The larger diameter of the conductor renders insulated alu- 
minium cables much more costly than copper cables of equal 
conductivity; on the other hand, the larger diameter with alu- 
minium reduces dielectric stress and corona loss at the surface of 
highrvoltage conductors. 

Aluminium was used instead of copper in the armature and 
field windings of motors, generators, etc., and in transformers 
built in Germany during the Great War, and it has been claimed 
that such machines compete in efficiency and price with copper- 
wound machines. Aluminium is, however, at an obvious dis- 
advantage wherever the space for windings is limited. 

The thin film of oxide which forms on the surface of alu- 
minium makes soldering a matter of some diiSSculty and uncertainty. 
Mechanical joints (bolts, clamps, twisted sleeves, etc.) are used 
extensively, and welded joints have been used in aluminium 
windings. (See also § 383.) 

The use of aluminium in lightning arresters and rectifiers is 
mentioned in § 346 and Chapter 17. 

64. Iron and Steel as Conductors. — The magnetic properties 
of iron and steel are discussed in §§ 81-84. The resistivity of 
steel is about six or eight times that of copper, so that steel is 
used as a conductor only when : (i) mechanical strength is specially 
important; or (ii) so large a cross-section is required, for other 
reasons than for conductivity, that steel is more economical than 
copper (§ 309). 

(i) All steel and steel-cored copper or aluminium-stranded wires are used for 
very long spans in overhead lines (§§ 309, 331), and tinned or galvanised small 
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steel mres are often used with copper for strength in small flexible wires and 
cables . 

(ii) Low-carbon steel is used for condtLctor-rails in traction circuits (Chapter 
35). The British Standard method of specifying the resistance of such rails 
(B.E.S.A. Beport No. 68) is to state the resistance in microhms at 60° F. (15-6° C.) 
of a rail of the same material as the conductor rail in question, having a length of 
1 yd. and a weight of 100 lbs. As thus specified, the resistance of flat-bottom 
conductor rails now in use ranges from 15 to 19*5 microhms (mean 18 microhms) 
per 100 -lbs. yard; whilst that of specially hard X ranges from 19*8 to 20*5 
microhms (mean 20*2 microhms) per 100-lbs. yard. For chemical analyses, and 
conversion formulae and tables reference should be made to B.E.S.A. Beport 
No. 68. 

Iron pipes are sometimes used as bus-bars^ and steel is fairly satisfactory for 
slip rings. 

Iron wires, used in Germany during the war to replace copper, have been 
proposed for normal use in small domestic installations where the section of 
copper required for mechanical strength is greater than would be needed for 
conductivity alone. It is possible that stainless iron or steel may find an ap- 
plication in this field. Galvanised iron wire has, for a similar reason, been 
found economical in overhead lines supplying small rural loads (§ 331.) 

Wherever iron or steel is used as a conductor the possible 
importance of skin-effect (§§ 38, 309) should be considered. 

The specific resistance of grey cast iron is roughly ten times 
that of steel and seventy times that of copper ; for this reason, no 
reliance should be placed upon the metal of a cast-iron joint box 
for carrying appreciable current. 

Apart from the increase in resistance due to temperature 
coefldcient (§61 and Table 6, p. 66), the resistance of iron increases 
greatly and suddenly at the temperature of recalescence (about 
680° C.). This phenomenon is utilised in the ballast resistance 
of the Nernst lamp to compensate for the unstable pressure- 
current characteristic of the filament itself. It is also employed 
in other applications as an automatic current regulator, the 
principle being that the iron wire (enclosed in a hydrogen-filled 
bulb) is brought nearly to red heat by the normal current of the 
circuit ; an increase of current then brings the iron to the tempera- 
ture of recalescence, greatly increases its resistance, and thus limits 
the increase of current. 

65. Other Metallic Conductors. — The notes on these are 
necessarily brief and, for convenient reference, the metals are 
arranged alphabetically. 

Bismuth . — When bismuth is placed in a magnetic field, the electrical re- 
sistance of the metal increases, nearly in proportion to the field strength. A spiral 
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coil of bismutli wire wound non-inductively, calibrated by reference to a magnetic 
standard, and used in conjunction witb. a Wheatstone bridge, is sometimes used 
to measure field strengths (§ 121). It is unsuitable for alternating fields due to 
time lag in the changes of resistance. 

Brass for casting generally contains 66 °/o copper and 34 °/o zinc. Sound 
castings are obtained more easily than in copper. The alloy is cheaper than 
copper and is used for various current-carrying parts in which the cross-section 
is determined by mechanical rather than electrical considerations. 

Bronze. — Silicon bronze and phosphor bronze wires are used for long spans 
in overhead conductors (§ 331). Silicon bronze consists of copper and up to 
5 °/q of silicon, and a typical phosphor bronze contains Cu, 92*5 ; Sn, 7 ; P, 0’5. 
Constants for both types of bronze are given in Table 49, § 331. 

Cadmium-copiyer. — Alloys containing up to 1-1 °/o cadmium give wires 
which are stifier, harder, and of higher tensile strength than hard-drawn copper 
(Table 49, § 331). The annealing temperature is raised, 1*1 % cadmium vfires 
softening only slightly at 260° 0. 

Lead. — This metal is used for sheathing various types of insulated wires and 
cables, particularly where moisture is to be excluded. The addition of about 
3 % tin increases the tensile strength 50 Lead is also used in bimetal fuse 
wire and for interconnecting the plates and cells of accumulator batteries. 

Mercury. — This metal is made the basis of the international definition of the 
ohm (§ 3). It is used for making and breaking contact in many types of apparatus, 
but is suitable only for weak currents and low voltages, and should be used in 
vacuo or protected from air by a layer of oil to avoid oxidation. The use of mer- 
cury in lamps and rectifiers is mentioned in Chapters 25 and 17 respectively. 

Nickel is malleable and resists corrosion. It is used for connections in heat 
ing and cooking apparatus, for supports in glow lamps, and for sparking plug 
electrodes. It is a constituent of many important resistance-alloys (§ 67). 

Nickel Steels offer a wide range of valuable properties. High-tensile steels 
(3 °/o Ni) are used for large dynamo frames and high-speed rotors. For spark- 
ing-plug electrodes 22 7^ Ni steel is suitable. The 25 °/o Ni steel is non-magnetic 
(§ 84). Invar is 36 7^ Ni steel and has practically zero temperature coefficient of 
expansion. As a substitute for platinum leading-in wires for lamps, etc., there is 
used platinite (46 7o^^ steel) or a 38 °/q Ni steel wire copper-coated. 

Platinum was formerly used for the leading-in wires of glow lamps and for 
contact pieces, but its price has become prohibitive ; see Nickel Steels and Tung- 
sten. 

Selenium. — When suitably annealed, selenium assumes a crystalline form, 
and has then the curious property that its electrical conductivity varies (roughly) 
as the square root of the intensity of illumination upon the specimen. Different 
workers advise different methods of preparing the material, and quote widely 
different values for the electrical resistance, light sensitivity, and time lag in re- 
sponse, The conductivity may increase 100-200 times or more when the material 
is taken from a dark room into sunlight ; some specimens increase in resistance 
when taken from dark to light, but the change in resistance of such ‘light 
negative’ material is generally very small. The time lag in the changes of re- 
sistance under varying illumination may be reduced by suitable treatment of the 
material, and selenium cells are used to control flashing buoys, and in the electri- 
cal transmission of pictures; also in devices for enabling the blind to read by 
sound, and in the recording and reproduction of sound for ‘ talking (cinema) pic- 
tures.’ 
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©Iwstrki furuMt. Tlnwii lini,«lif« ridalividy mni It tmf y 
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Table 6. — Approximate Constants of Electrical Conductors and Resistance Materials. {Compiled from Various Sources.) 
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§ 67 ELECTRICAL ENGINEERING PRACTICE 

the permissible current density 55 to 60 A per sq. in. ; and the specific resistance 
600 to 1 200 microhms per in.-cuhe. . 

Graphite brushes, made from graphite with a small proportion of binder, are 
very soft and should be used with under-cut micas. The coefficient of friction is 
low, from 0’12 to 0*17 ; the permissible current density from 60 to 65 A per sq. 
in. ; and the specific resistance from 600 to 1 000 microhms per in.-cube. 

Metal-graphite brushes contain a proportion of powdered metal (generally 
copper) which increases the conductivity. This type of brush is suitable only for 
slip rings or low-voltage commutators (up to 100 V). The coefficient of friction is 
from 0*18 to 0*20 ; and the permissible current density is from 60 to 100 A per 
sq. in. on commutators (50 % higher on slip rings), according to the pro- 
portion of metal in the brush. For electroplating dynamos (up to 10 or 12 Y) 
metal-graphite brushes are available with specific resistance as low as 7 microhms 
per in.-cube ; other brushes, containing less copper, range from 100 to 500 microhms 
per in.-cube. 

Other uses of carbon are for glow lamp filaments, arcing tips, 
and rheostats. Garhon filament glow lamjps are still used where 
their energy consumption is of secondary importance or where (as 
in radiator lamps) it is actually requisite. Garhon arcing tips 
are used to break circuit in switchgear, because they are damaged 
but slightly by arcing and are easily renewed (§ 365). The 
critical voltage required to maintain an arc between carbon elec- 
trodes is higher than that required between metal electrodes (say 
35-40 V compared with 12-15 V). For this reason, and because 
of its very high melting-point, and the relatively low electrical 
conductivity of the carbon arc (compared with the metallic arc), 
carbon is more effective than metals as a material for the arcing 
contacts of switchgear, provided that its mechanical weakness does 
not prevent its being used. Carbon powder, granules, and plates 
are used for rheostats of various types ; the resistance being vari- 
able within wide limits by changing the mechanical pressure 
applied to the material. A line drawn with a ‘ lead ' pencil on a 
piece of ground glass can be used as a high resistance (of the 
megohm order). 

Carbon differs from most metallic conductors in that it has a 
negative temperature coefficient of resistance (Table 6). Except 
where carbon is used as a resistance material, this negative tem- 
perature coefficient is advantageous ; for instance, the resistance 
of carbon-furnace electrodes may be 50 % lower at the working 
temperature than at atmospheric temperature. 

67. Resistance Materials. — Conductors of high resistance are 
used where it is actually desired to dissipate electrical energy as 
eat, e,g, in starting and regulating apparatus for motors (Chapter 
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29), in heating and cooking apparatus (Chapter 26), and so forth. 
In such cases it is usual to speak of the high-resistance conductors 
as ‘ resistances/ and to say that they are used as ' resistance coils,’ 
‘resistance elements,’ or ‘heating elements.’ 

The British Standard specification for metallic resistance 
materials (B.E.S.A. Report, No. 115) divides these materials into 
five classes : — 

(A) For use when a low temperature coefficient is required at temperatures 
not exceeding 60° C. (as in standard resistances and sub-standard instru- 
ments). The permissible temperature coefficient is + 0* 000 02 per 1° C., 
within the range 10° to 60° C. 

(B) For use when the temperature coefficient may vary more than in Class 
(A) and at temperatures not exceeding 200° C. (as in instruments other 
than sub-standard). The permissible temperature coefficient is ± 
0* 000 04 per 1° C. within the range 10° to 100° C. 

(0) For use when the temperature coefficient may vary over a wide range and 
at temperatures not exceeding 300° C. 

(D) For use at high temperatures not exceeding 700° C. (as in heating ap- 
paratus). 

(E) For use at high temperatures not exceeding 1 000° C. (as in heating ap- 
paratus). 

In classes (0), (D), (E) the temperature coefficient is to be stated by the 
supplier who must also declare, for all classes, the thermal E.M.F. of the material 
against copper at 0° and 100° C. 

The resistance, R, of any conductor is given by : E = pi/ A 
(§ 18). The specific resistance, p, is a constant of the material em- 
ployed, but any number of values can be given to the length, Z, 
and cross-section, A, of the conductor to obtain the desired value 
for B. The resistance must be designed with reference to the 
cuiTent to be carried, for the energy dissipated as heat is PB 
watts (§ 49), and this causes a temperature rise which is greater 
the smaller the radiating surface of the wire. Though the total 
resistance required may be tlie same, it is necessary to use a larger 
wire or strip for a heavier current and a greater length is tlion re- 
quired to provide the desired resistance. It does not follow that 
material of higher specific resistance is better than one of lower 
specific resistance for a particular purpose. The amount of energy 
to be dissipated and the permissible temperature rise may be such 
that it is more convenient or more economical to use the material 
of lower specific resistance. Tables of current-carrying capacity 
for wires of various materials and sizes, for specified temperature- 
rises, are applicable only to a particular set of cooling facilities. 
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§ 68 ELECTRICAL ENGINEERING PRACTICE 

In practice, it is generally necessary to find by experiment the 
best material, dimensions, and arrangement of I'esistances, for the 
purpose concerned. 

As shown by Table 6, nickel is an ingredient of many important resistance 
materials ; alloyed with chromium it furnishes wires which can be operated in- 
definitely at red heat in air without becoming brittle or seriously oxidised. 
Backer* claims to have discovered a magnesium alloy suitable for use in heating 
apparatus and electrical machinery when insulated only by an oxide film produced 
by boiling the metal in water. 

Glow lamjps are sometimes used as resistances, particularly when charging 
small accumulators from lighting supply. 

Mixtures of carbon dust and carboru7idum and prepared blocks of similar 
composition are used between lightning arresters and earth, and between generator 
neutrals and earth to limit the current flowing (§§ 346, 354). 

suit consists of a mixture of silicon carbide and silicon, or of silicon carbide 
alone {see also carborundum, § 85). It has been used considerably on the 
Continent for electric heating elements. The material is supplied in the form of 
tubes or rods and can be turned or cut to shape. The resistance at 1 000° 0. is 
said to be about one-third of that at atmospheric temperature, but to be nearly 
constant between 1 000 and 1 400° 0. Silit is unaffected by heating to 1 400° 0. in 
air. 

Liquid resistances are discussed in § 68 and Chapter 29. 

68. Electrolytes. — Electrolytes are conductors of electricity 
which are chemically decomposed by the passage of direct 
current f ; generally they are liquids (as in primary and secondary 
batteries (§ 127 and Chapter 18), and electroplating vats, etc. 
(Chapter 38), but, at high temperatures, electrolytic conduction 
and decomposition occur in many refractory materials (furnace 
linings, glass, etc.) which are insulators when cold. 

It is characteristic of electrolytes that their specific resistance 
decreases rapidly as the temperature rises, the temperature co- 
efficient for aqueous solutions of metallic salts and of acids being 
usually between - 1*5 % ~ ^ 7o 1° C. 

Liquid resistances, as used for motor control (Chapter 29), as 
a load for generators on test (Chapter 40), or for ‘ dimming ' 
lights in theatres, consist of electrolytes into which dip metal 
electrodes ; by varying the submerged area of electrodes or the 
distance between them, the resistance in circuit may be altered 
within wide limits. The electrolytes most used for such purposes 

* El. Ind. and Invest., March 30, 1921, p. 395. 

t Some electrolytes are decomposed appreciably by alternating current, but, in 
general, the chemical efliect of one half-cycle is undone by the next half-cycle of 
current at all commercial supply frequencies, and provided that there is no recti- 
fying action (Chapter 17). 
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are solutions of cominon salt, sodium carbonate, and sulphuric 
acid. . 

69 . Water. — Pure water is an insulator, but practically all 
substtoces are to some extent soluble in water, and ordinary 
' tap water ' and water present in hygroscopic materials as 
‘ moisture ’ are relatively good (electrolytic) conductors due to the 
substances dissolved in them."**^ Water from town mains is 
suflSciently conducting to be used as a resistance in water-jet 
lightning arresters (§ 346), and as an artificial load for high- 
voltage generators.! Water can also be used for an A.C. high- 
voltage potentiometer but not for D.C. measurements, because it 
would then be decomposed by electrolysis. 

Many of the most used insulating materials are highly hygro- 
scopic, and moisture is probably the commonest cause of insulation 
break-downs (§§ 71, 72). It reduces both the specific resistance 
and the dielectric strength of insulating materials and, in con- 
junction with dust and dirt, it is responsible for much trouble 
from surface leakage. Where surface leakage is liable to occur, 
the form and finish of the surface should be such as to offer 
minimum lodgment for dust. Moisture increases the power losses 
in dielectrics, but its influence on the risk of break-down is of 
primary importance. (See also §§ 74, 77.) 

Insulating Materials. 

70. Characteristic Properties of Dielectrics. — The pro- 
perties which determine the suitability or otherwise of a material 
for use as a dielectric (§ 4) are : (i) its specific resistance, § 71; 
(ii) its dielectric strength or break-down voltage, §72; (iii) its 
specific inductive capacity, § 60 (d ) ; and (iv) its dielectric hyster- 
esis (§§ 60 (d), 311). In addition to these electrical criteria, 
there must be considered tlie mechanical properties of the materia], 
and its ability to withstand moisture, chemical attack, heat, or 
other conditions of the proposed service. 

Unfortunately, the electrical properties of insulating materials 
vary widely with many factors, including : Dimensions of test- 
piece ; RM.S. value, wave form, and frequency of test voltage ; 

* Por conductivity curves, see * Examination of Water by Electrical Methods,^ 
by Digby, Jour, LE.E.^ Vol. 45, p. 541. 

t* Artificial Load for Testing Electrical Generators,’ by Morcom and Morris, 
Jour. l.E.B,, Yol. 41, p. 137. 
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§ 71 ELECTRICAL ENGINEERING PRACTICE 

temperature and moisture of test-piece ; and mechanical pressure 
on test-piece. The data given in Table 7 have been compiled 
from many sources, and may be taken as typical values, but as 
will appear from §§ 71, 72, the range of values is necessarily 
wide and a high factor of safety must always be provided in 
electrical insulation to allow for the effect of moisture, heat, and 
mechanical stress, and for abnormal electrical stress due to 
pressure surges (§ 345), or to burrs, sharp edges, etc. (the small 
radius of curvature of which produces intense local stress 
(§§ 78, 288). 

71. Specific Resistance of Insulating Materials : Leakage 
Current. — It is one of the requirements of an insulating* material 
that its specific resistance should be high (§ 59) in order that the 
‘ leakage current ' flowing through the insulation may be small. 
The actual value of the specific resistance is reduced greatly 
by the presence of moisture (§ 69) and decreases rapidly 
with temperature rise. For these reasons the specific resistance 
of dried specimens tested under laboratory conditions bears no 
definite relation to the ‘insulation resistance’ of complete 
machines, cables, wiring installations, and the like under service 
conditions. Apart from variations in the specific resistance, it is 
rarely possible to calculate the efiective cross-section of the leakage 
path offered by the insulation, hence it is usual to take these 
factors into account by measuring the resultant insulation re- 
sistance under service conditions ; thence the leakage current may 
be calculated by applying Ohm’s Law (§ 17, and Chapter 40). 
Insulation resistance measurements are of little value (except as 
regards ascertaining that the resistance does not fall below a pre- 
scribed limit, Chapter 40), unless all the conditions of test are 
specified in detail. The quantity of moisture absorbed by such 
materials as fibre or pressboard varies with the duration of ex- 
posure and natural drying (without applied heat) may extend 
over a period of months, the insulation resistance meanwhile 
rising to 10 or 100 or more times that of the damp material. 

The reduction in specific resistance of an insulating material 
with rise of temperature is often compensated to some extent by 
moisture being expelled as the temperature rises. It is therefore 
difficult to obtain consistent data, and it would be unwise to base 
any predictions upon calculations unsupported by confirmatory 
tests made under service conditions. From data published by 
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various investigators it appears that the decrease in specific re- 
sistance between 20° C. and 30° C. is from 15 to 25 % for 
mica ; about 30 for rubber ; about 50 °/^ for guttapercha ; 
and from 60 to 70 for cellulose, fibre, glass, and porcelain. 
At a temperature of 70° to 80° 0. the specific resistance of 
cellulose, fibre, porcelain, and moulded compositions may be 
from to of the value at 20° C. The yet greater decrease 
in insulation resistance at temperatures in the neighbourhood 
of 500° to 1 000° C. is of great importance in relation to the 
insulation of sparking plugs, heating elements, and electric 
furnaces. 

Low insulation resistance permits appreciable leakage current 
to flow through the insulation ; the PR watts (§ 49) thus dissipated, 
together with the heating produced by dielectric hysteresis 
(§60 (d)), cause the temperature of the insulation to rise. This 
results in a decrease of insulation resistance, and an increase of 
leakage current and heating. In extreme cases the insulation is 
broken down by the combined effect of heat and electrolytic 
action and, in any case, the losses in the dielectric are objection- 
able in that they raise the power factor of the charging current ; 
this is of practical importance where cables are concerned (§ 311). 

72. Dielectric Strength: Break-down Voltage. — Though 
break-down of insulation maybe caused by leakage current (§71), 
it is generally caused by the dielectric stress exceeding the 
‘ dielectric strength * of the material. Both the dielectric stress 
or pressure gradient and the dielectric strength are expressed in 
terms of potential difference per unit thickness. The dielectric 
strength of thin materials such as paper, mica, insulating tape, 
and pressboard is expressed in volts per mil or volts per mm., 
whilst that of porcelain, slate, air, etc., is more conveniently ex- 
pressed in volts per cm. Unfortunately, the dielectric strength is 
not directly proportional to the thickness of the dielectric but is 
relatively greater for thin sheets or plates ; thus the break-down 
voltage of a 1-inch plate is much less than 1 000 times that of a 
sheet 1-mil thick. This lack of proportionality is due partly to 
the electrostatic field not being uniform and partly to the inability 
of heat to escape rapidly from the central portions of thick di- 
electrics ; the outer skin surface is also probably a factor of im- 
portance in paper and similar materials. 

There are wide variations between the values of dielectric 


§ 72 ELECTRICAL ENGINEERING PRACTICE 

strength determined by different observers, these being explained 
by the fact that the dielectric strength varies with the following 
factors : — 

(a) The structure, homogeneity and quality of the sample. 

(&) The uniformity or otherwise of the electrostatic field, as determined by 
the size and shape of the electrodes, and by the thickness and shape of the sample. 

(c) The thickness of the sample, as explained above. 

(d) The wave form of the test voltage, and the rate and duration of applica- 
tion of voltage. 

(e) The moisture content of the specimen. 

( /) The heat capacity of the electrodes. 

It is the maximum voltage which causes break-down to occur and the relation 
between this and the B.M.S. voltage varies with the crest factor (§ 30) of the 
voltage wave. In X-ray work it is convenient to measure the very high voltages 
employed by reference to the length of spark gap (in air) which is broken down, 
and this demands a knowledge of the dielectric strength of air in terms of peak 
voltage (§ 78), but for machines, cables, etc., it is more convenient to express the 
dielectric strength in terms of R.M.S. voltage, a sinusoidal test-wave being 
assumed. The wave form has also an influence on the manner in which the 
dielectric is stressed and fatigued, so that, for example, a 0.0. pressure is less 
severe on a dielectric than is an A.O. pressure of the same maximum value ; this 
is important in relation to 0.0. pressure tests on cables (Ohapter 40), but for 
ordinary operating voltages it may be assumed that 0.0. induces the same 
dielectric? stresses as sinusoidal A.O. of the same maximum value (§ 298). 

Bapid increase and prolonged application of voltage favour break-down, hence 
it is usual to specify both of these factors, a reasonable rate of increase being 
1 000 V per min. when approaching the test pressure or anticipated break-down 
voltage, and the standard time of application being 1 min. 

Moisture reduces greatly the dielectric strength of all hygroscopic insulating 
“materials, and every precaution must be taken to exclude it by impregnating 
and sheathing fibrous materials. The efect of moisture on oil is mentioned in 
§77. 

With ino'easing temperature the dielectric strength of all insulating materials 
decreases ; this effect may be masked by the recovery of dielectric strength due 
to the drying hygroscopic material, or it may be accentuated by the formation of 
water and acid products at higher temperatures (as where certain condensation 
products (§ 74, Villa) are used). 

From an extensive series of tests by W. S. Flight * it appears that typical 
values for the reduction in break-down voltages at 100° 0. compared with those at 
30° 0. are : — 

For mica, and mica-papers and -cloths . . . . 5 to 15 °/j, 

For paper fullerboard, and wood 15 „ 80 °/o f 

For varnished papers and varnished cloths . . . 40 ,, 50 

For untreated fibre, micarta, and moulded compositions 
which liberate moisture when heated . . . . 60 ,, 80 °/o 


* Jour. Vol. 60, p. 218. 

+ Sometimes the dielectric strength is greater at 100° 0, due to drying-out. 
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The factors determining dielectric strength are so numerous, 
and of such great but variable importance, that the adequacy of 
particular constructions can be determined only by break-down 
tests under, as nearly as possible, the actual conditions of service. 

At the Annual Convention of the American Institute of Electrical Engineers 
in 1922 {see Amer. Yol. 41, p. 973) Steinmetz stated that there 

appeared to be no such thing as a defintie break-down voltage or break-down 
gradient in solid insulation. A solid insulator appears to be, at least in many 
cases, a third-class or pyro-electric conductor. On the application of a gradually 
increasing voltage, the current increases at first in proportion to the voltage, then 
more rapidly until a certain maximum voltage is reached ; at this point the current 
* runs away ’ and rises to the short circuit current of the voltage supply, which 
generally means the destruction of the * insulation ’ (now a conductor) by heat 
and the elimination of all that can be seen. If, however, for any reason, the 
amount of energy which can be concentrated on the conducting portion of the 
dielectric is limited, the disruptive strength of the latter remains unimpared. 
This may explain why in some cases {e.g. in a cable with high ratio of external 
to internal diameter) part of the insulation can be stressed above the so-called 
break-down point without changing the insulation. Peaslee (ihid,^ p. 975) sup - 
ported this view and stated that the so-called puncture voltage was really the 
voltage at which, with given material and spacing, the overall volt- ampere char- 
acteristic of the path from the conductor to the sheath became negative. This 
possibility of over-stressing without break-down may be compared with the 
formation of corona discharge round a conductor in air. In the zone of the 
discharge the air has become a conductor and the effective diameter of the con- 
ductor, as regards distribution of electrical stress in the dielectric, has been in- 
creased ; complete break-down does not occur until the potential gradient at the 
surface of the corona exceeds the dielectric strength of the surrounding layer of 
air. 


73. Classification of Insulating Materials. — In practice, the 
selection of an insulating material for a particular application 
generally resolves itself into a compromise between the desirable 
mechanical and electrical characteristics ; it is seldom possible 
to obtain in one material the ideal mechanical and electrical 
properties, to say nothing of thermal, chemical, and other properties. 
According to the characteristics which are most important in 
specific applications, insulating materials may be classified in many 
different ways. In the following paragraphs they arc discussed 
under the broad headings: Solid Insulators (§ 74); Moulded In- 
sulating Materials (§ 75) ; Insulating Paints, Varnishes, etc. (§ 76) ; 
Liquid Insulators (§ 77) ; Air as an Insulator (§ 78). 

74. Solid Insulators. — The term ‘ solid insulators ’ includes 
rigid, natural, and artificial materials, such as slate, glass, and 
porcelain, which are generally used in more or less massive form ; 
and flexible materials, such as mica, rubber, and manufactured 
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Table 7. — Approximate Constants of Insulating Materials. 
{Co77ipiled from Various Sources.) [See Note on Opposite Page.] 
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fibrous product (papers and textiles), which are used for wrappings 
or coverings and for other applications where flexibility is re- 
quired. Waxes, compounds, gums, and resins may fairly be con- 
sidered as solid insulators, though they are liquid under some 
conditions of temperature and in some methods or stages of appli- 
cation. Moulded insulating materials are solid in their service 
condition but an essential feature of these materials (§ 75) is 
their initial plasticity or " mouldability.’ 

I. Stones. — (a) Slate is used extensively for the panels of low- voltage switch- 
gear, etc. There are frequently metallic veins in the material, hence all live 
parts should be insulated by micanite washers and bushes or equivalent means. 
The front and edges are generally enamelled. Treatment with oil counteracts 
the hygroscopic nature of the material. Inferior slate contains hard spots and is 
liable to flaking. 

{b) Marble^ when polished, provides a handsome mounting for switchgear 
and instruments but is liable to contain conducting veins, hence live parts should 
be insulated {see (a)). 

(c) Steatite (Soapstone) is the massive form of talc, a silicate of magnesia. 
Pieces to be used as insulators in heating and cooking apparatus, arc lamps, 
sparking plugs, etc., may be machined from the natural mineral, or the latter 
may be pulverised, mixed with a cement, and moulded to form. After kilning 
the steatite is extremely hard, less brittle than porcelain, but porous. A glaze 
may be applied to exclude moisture. The specific resistance falls rapidly above 
300° C. 

(d) CoTicrete cannot be relied upon for insulation except where low voltages 
are concerned. It is, however, useful in cellular switchboards (§ 378) as a ‘ non- 
conducting’ structural material for partitions, etc., the actual insulation being 
provided by porcelain. Protective reactance coils (§ 840) are sometimes encased 
in concrete. 

II. Vitreous Materials. — (a) Glass varies widely in electrical properties 
according to its chemical composition. It is impervious to moisture and the 
transparency of the material facilitates inspection. The principal disadvantages 
are its brittleness and its high temperature coefficient of expansion. Where used, 
glass should be annealed. The specific resistance decreases rapidly above about 
200° 0. Glass is an electrolytic conductor (§ 68), and there is considerable surface 
leakage over those glasses which are attacked by moisture. 

(b) Qua/rtz (Silica) has practically zero temperature coefficient of expansion 
and is, therefore, not cracked by wide and sudden variations of temperature. 

Note to Table. 7. 

The data in this table must be regarded as only approximate ; where exact values are of 
importance, special tests must be made because the electrical properties of all materials 
vary widely with the sample and with the conditions of testing. To facilitate com- 
parison, the break-down voltage of specimens of the thicknesses commonlv used in 
practice have been reduced to V/mil by simple projjortiou. Actually, the break- 
down voltage does not vary directly with thickness (§ 72) but the values per mil 
when multiplied by the thickness actually employed will give approximately the 
break-down voltage of the latter ; a large factor of safety must be allowed (§ 72). 
Arithmetically (hut not electrically, § 72): 1 V/mil = 39*4 V/mm, ; 1 V/rnm. =; 
0-0264 V/mil. 
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This property makes it useful for pyrometer-sheaths, supports for heating 
elements, special lamp bulbs (Chapter 25), sparking plugs, etc. Due to its re- 
fractory nature quartz is diflicult to work, and this is the chief hindrance to its 
more general utilisation. The specific resistance decreases rapidly above 400° 0. 
Quartz is less brittle than porcelain and is sometimes “^sed on the moving 
parts of oil switches. 

(c) Porcelain for electrical purposes should be vitreous throughout and a 
0*5 °/q alcoholic solution of fuchsin dye should not penetrate into broken 
test-pieces, even when the latter are immersed for 24 hrs. under a pressure of 
2 000 lbs. per sq. in.* Porcelain is not so brittle as glass, and the special 
qualities now used for transmission line insulators have a low temperature co- 
efficient of expansion and are able to withstand indefinitely alternate immersion 
in boiling and freezing water. Other applications include the support and 
insulation of conductors, contact-pieces, terminals, etc., on switchboards and in 
all kinds of apparatus and accessories. The compression strength of porcelain is 
high, but the material should not be subjected to tension. Pieces of relatively 
complex form can be moulded, but the material cannot be worked after firing. 
Porcelain resists chemical attack and may be exposed to high temperatures, but 
the specific resistance decreases rapidly above 200° C. 

Porcelain is made from kaolin (china clay) and felspar as main ingredients. 
The details of composition and manufacture of special qualities are carefully- 
guarded secrets. Simple pieces of small dimensions may be made by moulding 
a damp mixture of the ingredients under high pressure, but it is generally ad- 
mitted that a better product is obtained by mixing the ingredients with su fficient 
water to form a plastic mass (wet ^process), which is formed into the desired 
shapes by hand or by simple tools (as distinct from presses). Dry -moulded 
porcelain is apt to be porous. 

After a preliminary drying the pieces are fired at 1 200°-l 300° 0. The 
glaze is of the same general composition as the porcelain, but is a more fusible 
mixture and therefore melts to form a glass-like film on the surface. Though 
the glaze has considerable dielectric strength and does ‘ seal ’ pores it should not 
be taken as reducing in the slightest degree the necessity for a vitreous structure 
throughout the porcelain. The glaze should be regarded simply as a self-cleaning, 
dirt- and weather-resisting * finish.’ 

III. Mica and Mica Products. — (a) Mica is a mineral consisting of silicates 
of aluminium, potassium, and magnesium, with certain impurities, of which iron 
oxide is electrically the most objectionable. Amber (Canadian) mica is soft 
and is recommended for use between commutator bars. White and ruby micas 
(Indian) are harder and of higher dielectric strength ; they are recommended for 
sparking plugs and condensers. Spotted mica is suitable for use in electric 
heaters. All varieties of mica are characterised by their laminated structure ; 
the plates can be split and resplit almost indefinitely. Sheets 1 mil thick should 
not crack when wrapped round a lead pencil. In use, the sheets should be 
clamped, or otherwise subjected to mechanical pressure, in a direction perpen- 
dicular to the plane of cleavage. Mica is disintegrated by oil; it is also dis- 
integrated at temperatures above 500° 0. (as reached in heating elements, etc.) 
unless it is subject to compression. Of all flexible insulating materials mica is 
the most resistant to high temperatures ; mica insulated windings have operated 

* Standard porosity test for porcelain insulators for high-t®n|iQll Jines 
(B.E.S.A. Report 137). 
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without deterioration at ‘i00° C., but a lower working tonli erature is desirable 

(§ 80 ). 

Mica sheets 12 ins. square are now rarely found. Shoots 2 ins. x ins. are 
about the smallest size of any commercial value ; those cost a few pence per lb., 
whereas the largest selected sheets may cost more than £1 per lb. In such ap- 
plications as sparking plugs it is possible to build up pure mica insulation by super- 
imposition of small sheets, and in other applications it is sometimes possible to use 
larger sheets with the joints staggered in consecutive layers. C lenerally, however, 
it is more satisfactory to use one or other of the mica products mentioned below. 

(b) Micanite.—'ThQ best micanite sheets are built up from mic-a splittings, 
about 1 mil thick and 2 or 3 sq. ins. in area, cemented together with shellac or 
similar binder and (^onsolidakid by heat and mechanical prossure Though the 
maximum dielectric strength of micanite is h)wer than that of mh'.a, there is less 
variation in the dielectric strength of the manufacturod product, duo to metallic 
inclusions in the mica he.ing distributed througlumt the micanite. MotUding 
micanite softens at about 95® C. and can then bo prossed into sliapo for com- 
mutator end rings, slot linings, (stc. A harder coimuutator micanite with less 
than 5 of a binder whicdi does not soften at J)5° G. is made for uso 
between commutator bam and in other places whfjro Hat sheets are required. Flex- 
ible 7nicanite is made with a flexible binder (generally containing some oil) and is 
flexible at all temperaturoH; it is used to insulate windings. Heat-resinting 
micanite^ made with watcir-glass (sodium silicate) as binder can be used at tem- 
peratures up to 500® 0. without injury; it is suitable only for low voltages (say, 
250 V) and must be kept dry. 

According tf> refiiiirements, various grades of micanite are ohiainabh) in 
sheets up to B ft. sqitare and in tlucknosses from 5 mils to ^ in. or more. 

(c) Mim -Cloths, etc,, (xmsist of one or more layers of mi(?a splittings 

8up|)orted ox\ one or Imth sides by Japanese or other special pfipor, silk, or cloth, 
to whi(;h it is atta<thcd by a quick-drying copal or shellac) varnish. Mioanite- 
cloth is stronger than micani te- paper ; so also is micanite silk, with the further 
advantage that it is thinner and more flexible than cloth. In all three crises the 
dielectric strength is priictically that of the mica alone. Mimfalinm (mioarta 
folium or mica-pa|)6r) can be built up into tubes, etc,, and is used extensively to in- 
sulate high-voltage windings. Thick tubes and shields are sometimes built up from 
micanite and impregnated paper. Micarta is fwt a mica product, nee section II (c). 

IV. liunBBE ASfi> EiiBBKit PEODtjcrg.-— (a) Hubber, a complex com|K)und of 
carbon and hydrogen, is the coagulated latex of certain trees and vines. Hynthotic 
rubber can be made, but is, at present, more costly and less satisfactory than the 
natural product. Para rubber is generally considered to bo the best for electrical 
work. Pure rubber strip is used to protect copper from the sulphur in vulcanised 
rubber (|| 28B, 285) but, as pure rubber is hygroHoopic. and oxidises rapidly, It may 
not be exposed to air. 

(b) V%loanumi Mubh&r (V.I,U.). — When mixed with 5 or ksHS of 

sulphur and heated to 15fP-lCK)® G., rubber is vulcanimd and In this form it Is 
tough, clMtic, noii-hygroneopic, and less affected than pure rublxir by lieat. 
Vulcanised rubber is the itondard insulating material for low voltage cables 
(I 288). Even the vulcanised product is deteriorated by light, air, ozone (i 2B7), 
oil, and graaiii- ; and it deterlomtes in service If heated above 5C)® C. 

As used to msulato conductors, V.I.K. eontaing from W- 
60 of pure rubber, according to the requirements to be met, 
VOL. L 81 6 
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together with litharge (up to 10 7o or so), whiting (up 
to 25 or 30 7o)j zinc oxide (from 20-50 7o)> and colouring 
materials as required. The relative proportions of the 
inorganic ingredients vary widely according to the practice of 
individual makers or the specifications of purchasers. The general 
eiFect of these ingredients is to toughen the product and facilitate 
vulcanisation. It is remarkable that rubber can carry 50 7o 
or more of mineral matter without losing its characteristic 
elasticity. 

(c) Tough Buhber Compound (C.T.S.) is a ‘ mechanical ’ rubber and should 
be regarded primarily as protection against rough-usage, corrosion, etc., though 
it has, of course, some insulating value as well (§ 283). 

(d) Ebonite, Vulcanite or Hard Rubber is vulcanised rubber containing from 
30-50 7o sulphur and subjected to prolonged curing at 150° 0. The 
material is hard and brittle ; can be machined and polished ; softens between 60° 
and 100° C. and can then be moulded into simple shapes. It is much used in 
instruments, telephone parts, etc. Sheets are made in moulds faced with metal 
foil to obtain a planished surface ; sufficient of the metal enters the ebonite to 
reduce the surface insulation of the latter. The original surface should therefore 
be removed where surface leakage is to be avoided. When exposed to sunlight 
or ultra-violet rays the surface of ebonite undergoes decomposition and surface 
leakage ensues. Ebonite-mounted resistance boxes, etc., should be kept away from 
sunlight, and the surface should be washed occasionally with distilled water. 
Ebonite is not suitable for immersion in oil. 

The mechanical and heat-resisting properties of ebonite can be improved by 
the addition of certain mineral ingredients to the mixture before curing ; the 
dielectric strength is lowered however. Stabilit is a proprietary composition of 
this type, 

(e) Guttapercha is similar to, but chemically distinct from, rubber. It is 
inferior to rubber as an insulator and oxidises in air; it softens about 65° 0. It is 
unaffected by water and its main use is in the insulation of submarine cables. 

V. Bitumen. — (a) Bitumen or Asphalt is a natural product (mineral pitch) 
consisting of a complex mixture of hydrocarbons with more or less inorganic 
matter. The best crude material is in the Trinidad Lake deposit, and is a semi- 
fluid material which softens and melts between 80° and 100° 0. Befined bitumen 
is used in the manufacture of certain insulating varnishes, impregnating com- 
pounds, and joint box compounds. It is also used round cables which are laid 
solid (§ 290). No form of bitumen should be exposed to oil. 

(b) Vulcanised Bitumen is made by a process similar to the vulcanising of 
rubber (IV (6)) and is used to insulate cables. It is brittle at low atmospheric 
temperatures and softens at about 88° C. ; for other properties see § 287. 

(c) Elaterite {Elastic Bitumen or Mineral Caoittchouc) is a soft grade of 
asphalt. 

(d) Gilsoniie is a hard grade of asphalt which melts at about 135° C. 

VI. Waxes and Compounds. — These are used to fill joint boxes, instrument 
transformer cases, terminal boxes, etc., and to impregnate absorbent coverings of 
wires and windings to exclude air and moisture, and contribute to the insulation 
strength. The waxes used include beeswax, ceresine, montan, and paraffin wax ; 
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and the composition of compounds varies widely with the needs of individual cases. 
Soft wax (ozokerite, etc., § 283), melting at 50°-70° C., is used to finish cotton- 
braided wires. Mixtures of bitumen and pitch with various waxes yield hard, 
tough compounds for joint boxes, etc., and can be obtained with melting-points 
from 65°-150° 0. as required. Chattertcni compound consists of guttapercha, tar, 
and resin, and is very elastic. 

Paraffin Wax is often used to render wood acid-proof, and to render wood and 
paper non-hygroscopic ; applied to the edges of rolled oiled tape, it excludes 
moisture. As a filling for instrument transformers, etc., this wax has the advan- 
tage of being a good insulator which fills all crevices and is normally solid ; in the 
event of undue heating in service, the wax melts and then circulates (like oil) 
thus improving the cooling facilities. 

VIL Resins. Natural resins (new or fossilised) are oxidised exudations from 
certain trees or insects thereon. Shellac is refined lac in flake form, and is used 
in the preparation of various varnishes and in making micanite and similar 
products. Copal is another natural resin ; its applications are similar to those of 
shellac. (See also §§ 74 (viii), 76.) 

VIII. Synthetic Peoducts. — (a) Bakelite is the trade name of a series of 
‘ condensation products ’ or ‘ synthetic resins ’ developed by the researches of 
Dr. Baekeland, from whom they take their name. ‘ Bakelite-A ’ is formed by 
the action of phenol (carbolic acid) on formaldehyde at a temperature below 
100° 0. This product is used as a varnish or to impregnate paper, etc., or it is 
mixed with porous ‘fillers’ to form moulding compounds (§75). After applica- 
tion for one or other of these purposes, the resin is converted to ‘ Bakelite-G ’ by 
heating under a pressure of 100-150 lbs. per sq. in. at a temperature between 
150° and 200° 0. according to the makers’ instructions for the particular applica- 
tion concerned. ‘ Bakelite-0 ’ is an amber-coloured solid with good mechanical and 
electrical properties ; it is unaffected by water, oils, and all but strong acids and 
strong alkalis; it is not softened by heat but chars at from 250°-300° C. ‘ Bake- 
lite-B ’ is an intermediate product which is sometimes preferable to the A- 
product for use in moulding compositions. 

Bakelite, converted to the 0-form after application or moulding, is suitable 
for use where a solid, inflexible (but relatively tough) sheath or filling is to be 
produced by surface treatment or impregnation respectively. Small parts can be 
made of bakelite alone, but for most purposes it is sufficient and cheaper to use 
a composition (§ 75). The final ‘condensation’ (to form 0) liberates water 
which should be removed by vacuum-drying in the case of coils. 

(5) Formite is a British-made phenol-formaldehyde product used in the pre- 
paration of moulding powders (§ 75). 

(c) G-alalith is a dried-milk product which can be moulded or bent but is 
hygroscopic. Insoluble casein is treated with formaldehyde and subjected to 
mechanical pressure. 

Ermoid is also made by the action of formaldehyde on milk proteins. It 
can be machined and softens in boiling water. Its electrical properties are 
similar to those of red fibre, but it is less hygroscopic than the latter. 

IX. — Fibrous Matebials and Phoducts. — (a) Asbestos is used in insulating 
tapes, sheets, and varnishes where resistance to heat is required. It is highly 
absorbent and can be impregnated satisfactorily with materials of higher dielectric 
strength ithan itself. Mechanically, it is weak. Resistance nets are woven with 
warps of spun asbestos and wefts of suitable resistance wire. Where used as a 
filreproof braiding asbestos should be varnished to prevent it acting as a wick 
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for oil, if tliere is any risk of the latter teing present. Asbestos is used in lieat- 
resisting moulding compositions (§ 75). A wet paste of asbestos protects the 
Insulation of conductors when welding joints in the latter. Lagging for thermal 
storages, etc., may contain asbestos as an ingredient. Asbestos is attacked by 
acids and alkalis. 

(6) Wood, when dried and impregnated with oil, is used as a tank lining in 
oil-immersed switchgear to prevent arcs from coming into contact with the 
metal. Maple is useful for such work. Wood impregnated with paraffin wax is 
acid-resisting and. moisture-proof. Hard-wood rods are used as handles for 
operating arrester charging and opening isolating links. 

(c) JPa^er, though highly hygroscopic, is used in many applications on account 
of its flexihility and good dielectric properties. Dry paper, wrapped loosely, is 
used to insulate the conductors of dry-core (air-space) telephone cables ; a lead 
sheath is used to exclude moisture, and the advantage of the dry paper insulation 
is that the inductive capacity of the cable is kept low and attenuation and dis- 
tortion of speech currents are reduced. In cables for lighting and power service 
substantial thicknesses of paper are required (§ 280), and the paper is impregnated 
to increase its dielectric strength and to exclude air films (§ 79). Rosin oil is the 
principal ingredient of the impregnating compound used where the paper is to 
remain flexible ; the compound must not he so fluid as to drain out of the paper. 
Non-drying impregnating materials are displaced by moisture, hence a sheathing of 
lead or vulcauised bitumen is necessary (§ 287). Paper which is to be used as 
insulation exposed to air may be impregnated with a drying varnish or bakelite, 

Manilla paper is generally considered to be, the best for electrical purposes, 
but tliere are many papers now available for the special requirements of various 
applications. Japanese papers are used in rnica-paper tapes. Papers made from 
cotton and linen rags are used in condensers. Wood-pulp papers are highly 
absorbent but mechanically weak. 

Paper may be impregnated with oils before or after its application to con- 
ductors. Thin strong paper coated with successive layers of flexible-drying varni nh 
is used in instrument and machine windings and in condensers ; this material is 
often called oiled paper. Paper soaked in paraffin wax is used in condensers ; the 
wax cracks if bent. 

Micarta consists of paper which is dried, covered with insulating varnish, and 
built into sheets, tubes or rods ; heat and mechanical tension or pressure are 
applied to consolidate the successive layers and, when cold, the product can be 
machined. Bakelised mica/rta or paxolin, is made by using liquid bakelite (instead 
of shellac, copal, etc.), which is subsequently converted to the C-form (see Till a). 
Micarta with shellac as binder softens at about 80® C. ; bakelised micarta can 
be used at 100®’110° 0. or, if asbestos paper he employed, up to 180° or 200® 0- 
Paxolin can be used in oil ; its toughness is a valuable property ; this material is 
often used in preference to wood or vulcanised fibre. 

Paper Boards, Fibre, etc. Some of the materials coming under this heading are 
produced by paper- making processes, whilst others (using similar raw materials) 
are subjected to chemical, mechanical, and thermal treatment which flrst reduces 
the cellulose to a more or less gelatinous condition and then consolidates the 
whole to a horn-like material showing little or no trace of fibrous structure. 

Presspahn, Presshoard, or Fullerboard is a paper made, in thickness up to J in., 
from hemp, rags, wood-pulp or mixtures of these. It is highly absorbent and 
is oil- impregnated for use in transformers, oiled or varnished for use in air, cr 
impregnated in the same way as coils. Leatheroid, fibroid, fish paper or iarpm 
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paper is made in thickness up to \ in., from cotton rags subjected to chemical 
treatment. It is a tough, horny material of higher dielectric strength than prosM- 
board. It is unaffected by grease or oil and is much used between windings, for 
slob and core insulation, etc. If required, it may be impregnated, varnished, or 
waxed. Whaleho^w horn fibre, mul red rope paper are practically identical 

materials ; they are made like leatheroid, but from a hemp base, and are used 
for similar purposes. Their dielectric strength is lower /than that of loatheroidl^ 
Vulcanised fibre is made in many varieties, most of which boar trade names and 
are made by secret processes. In all cases the basic ingredient is some form of 
cellulose which is treated chemically to obtain a horn-like structure. Mineral 
ingredients are added for colouring or other desired physical properties. Vulcan- 
ised fibre is highly hygroscopic and swells when moistened without, however, 
such, disintegration as is liable to occur in boards which are built up layer by 
layer. Vulcanised fibre is sold in sheets, rods and tubes, and can be machined ; 
it may be waxed or varnished to exclude moisture. It is insoluble in water or oil, 
and is charred by strong acids or high heat. Fibre containing asbestos is disin- 
tegrated very slowly by fire. 

(d) TeHile Materials used for insulating purposes include cotton, linen, jute, 
and silk. The uses of woven asbestos have already been mentioned (Section TX 
fa)). Cotton and silk are used in one or two layers for the covering of bell wins 
and flexiblos (§ 2%), the actual insulation being provided by one or two layers of 
rubber next to the conductor. Ootfeon-covered boll wire is waxed to excludes 
moisture and to provide a good finish. Cotton or silk is used as the solo insular- 
tion on small wires for instruments, small motors, etc. ; generally, it is advisahlci 
to dry and varnish or impregnate the winding to exclude moisture and to reinforcci 
the insulation provided by the fibrous material. Artificial celluhm silk is an 
efficient and economical subatituto for real silk in the insulation of small wiren 
for fan armatures, instrumemts, etc. ; when dissolved it forms a highly insulatiiti^ 
varnish. Cellulose acetate from which artificial silk is made is non-inflammahhi. 
The spun thread is thicker than real silk, but its insulating properties under vary- 
ing conditions of temperature and humidity are more than proportionately higher*. 
This material and tests upon it are described by W. R. Konnody, EL Hev,, VoL 
87, p. 836. 

Jtite is used as insulation on cables, being then impregnated like paper ancl 
for the same reasons, ft is also used as a filler between the cores of multi«oor« 
cables, and as a bedding and covering for armouring. Heffq) used as a core for 
stranded cables and as a packing for insulator pins. 

Oiled (or varnished) Tape or Cloth consists of cotton, silk, dutjk, canvas, 
prepared by repeated dipping in oxidised linseed oil or a special varnish, ea 4 sli 
coat being baked before the next is applied. Such materials owe their dielectric 
strength mainly to the oil or varnish. They are non-hygroscopic, strong, and 
flexible and are used extensively as wrappings for individual conductors, for coUg, 
and between windings. ** Kmpire” cloths and paper belong to this class. lTn« 
treated tape.s may be dried and impregnated, after application, with varninh, 
compound, or bakelite. Yellow oiled cloth is treated with oil alone ; black oiled 
cloth is treated with a mixture of oil and asphaltic matter and has slightly higher 
dieldotrio strength. These materials are more flexible than paper and much lesii 
hygroscopic. Varnished (or oiled) cambric forms an excellent dielectric for higli 
voltage cables particularly where great flexibility is required ; the cambric should 
be served, as wound, with a non-drying compound to exclude moliture and air 
{§ 79). The oiled fabric is unaffected by oil. 
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Muhb&Ted JLine^n Tap& (coated on one side witli rubbei) is useful in insulating 
machine windings. 

Adhesive or Friction Tape is coated with, a tachy compound which gradually 
‘sets’ when exposed to air. Though it has considerable insulation mine, this 
material should 'twt be counted as part of the insulation, but should be regarded 
merely as holding in place the rubber tape, etc., which forms the true insulation. 

75, Moulded Insulation Materials. — This heading includes 
a great variety of materials (mostly mixtures) which can he 
moulded in a die to produce pieces accurate in dimensions and 
requiring little or no machining. Heat and mechanical pressure 
have usually to be applied during the moulding process, and these 
convert the raw materials (by physical or chemical changes or 
both) into a homogeneous mass. There are also cold-moulding 
preparations which set like cement. The electrical properties of 
moulded insulators vary widely with the composition. The 
principal applications of these materials are where identically 
similar parts are required in sufficient numbers to justify the cost 
of the dies. The more intricate the pieces, the greater the saving 
by moulding, once the cost of the dies is covered. The exact 
compositions of preparations for moulding are trade secrets, hut 
the ordinary engineer is concerned only with the general nature 
and applications of the materials. The design of dies and the 
manipulation of mixtures to meet specified requirements are 
matters for specialists. The important point to he remembered is 
that one-piece moulded insulators frequently replace many loose 
components and reduce assembly work to a minimum; metal 
inserts can be placed in the die and thus become mechanically one 
with the insulation. 

All moulding compositions consist essentially of a " filler ' and 
a 'binder,’ together with such special additions as colouring 
ingredients. According to the type of binder employed, the com- 
positions may conveniently he classified as: (I) Cold-moulding 
compositions, using an asphaltic solution or a water cement as 
hinder. It may be necessary to heat the moulded pieces to dry 
them or to set the binder. (II) Hot-moulding compositions, 
using {a) shellac, rubber, or other bond which melts or softens 
when heated and sets on cooling ; or (h) synthetic resins which 
are mouldable whilst in their primary or secondary form hut are 
converted by heat to *a rigid solid. 

I. OoiiD-MOULDiNa OoMPosmoiirs.-— (a) Portland Cement may be used m binder 
with, asbestos as filler fox simple pieces wkicb are required to stand higb tempera* 

«A. 



MATERIALS 


§ 76 

tures (400® C.). The material is naturally hygroscopic but may be waterproofed. 
Lime-silica cement and asbestos is claimed to withstand temperatures up to 650° C. 
without serious deterioration. Sodium silicate (water glass) gives a hygroscopic 
product of low mechanical and electrical strength, but one which resists heat well. 

(6) Pitch or Asphalt is dissolved in an appropriate solvent, mixed with wood, 
fibre, asbestos, sand, etc., and heated (after moulding) to expel the solvent. 
Intricate shapes can be made with a good finish, but the product is not suitable 
for machinery ; it will stand about 300° C., and is non-absorbent. 

Compositions of type (a) are of low dielectric strength (20-50 V per mil) and 
are useful for shields and mountings to withstand heat rather than electrical 
stress. Compositions of type (h) are of higher dielectric strength (75-150 V per 
mil), and are suitable for actual insulation up to 500 or 600 V. Hot-moulded 
compositions are better electrically and mechanically, but the most refractory of 
them cannot be used above about 300° C. 

II. Hot-moulding Compositions. — (a) Rubber, mixed with sulphur and 
various fillers, can be moulded under heat and pressure, and then converted to 
ebonite (§ 74, IV (d)) but the applicability of the latter in this connection is limited, 
because it begins to soften about 60° C. The dielectric strength is high, say 400 V 
per mil. 

(5) Shellac as binder for mica produces the valuable material micanite (§ 74, 
III (6)) which can be moulded into simple shapes. Shellac can be used as binder 
for many other fillers, but its utility is limited by its softening between 65° and 
90° C. Shellac and cotton fibre or similar material gives a good finish and high 
dielectric strength (say 200-300 V per mil.) and is suitable for use in sheltered 
situations. 

(c) Synthetic Resins (Bakelite, Pormite, § 74, VIII (a, h)) find one of their most 
important applications in the preparation of moulding compounds. Sawdust, 
fibre, asbestos, mica, slate, etc., are used as fillers according to the properties 
desired. The makers of the primary condensation product frequently mix this 
with, appropriate fillers, convert the resin to the B-form (§ 74, VIII (a)), and grind 
the product to form a moulding powder which is supplied to licensed moulders. 
The powder is reduced to about one-fourth of its ‘loose’ volume when com- 
pressed in the hot moulds at from 500-2 000 lbs. per sq. in., and 150°-200° C., 
according to the makers’ instructions. The final product (with the resin in the 
C-form) is accurate within good machine-shop limits, say ± 2 mils, and has a 
valuable combination of properties. With cotton, hemp, sawdust, or similar 
filling, a machinable product is obtained which will withstand temperatures up 
to 150° C. and has a dielectric strength between 250 and 500 V per mil, accord- 
ing to its composition. Heat-resisting fillers, such as asbestos, sand, etc., yield 
non- absorbent products, which are almost or quite unaffected by acids, alkalis, 
and hot oil; these products are unsuitable for machining, withstand temperatures 
up to 250° or 300° 0., and have dielectric strengths from 100 to 150 V per mil. 

76. Insulating Paints, Varnishes, etc. — Though paints, 
enamels, and varnishes are liquid when applied to the parts or 
material to be insulated, it is the dry material left by evaporation 
of the solvent, or the solid matter formed by combined oxidation 
and drying, which constitutes the actual insulation. Liquid com- 
pounds which set by evaporation of solvent or by chemical changes 
caused by heat (§ 74, VIII (a)) can be used for deep penetration or 
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complete impregnation, but materials which depend upon oxida- 
tion for their solidification can 01117 be used on surfaces or for 
tapes, etc. (§ 74, IX (d)). At one end of the scale there are non- 
drying compounds (resin oil, etc.) used to impregnate paper 
cables, and at the other end there are the enamels which dry as a 
tough, flexible coat which is sufficient insulation for wires to he 
used in low- voltage instrument coils, hells, etc. Vacuum im- 
pregnation is essential for most windings for use in the tropics 
or monsoon countries, especially for fan motor windings. Asphaltic 
material may be used to produce a black varnish, or the varnish 
may contain no colouring matter, in which case it produces a 
colourless, yellow or brown coat according to the gum or oil 
which forms the residual constituent. 

Air^dnjing Spirit Vamishas, used for finisliing or for quick repair work, consist 
of a gum or resin in a solvent which evaporates quickly when exposed to air. 
The coating dries in 1 hr. or less, but is relatively brittle and not able to stand 
heat and vibration without cracking. Air-drping oil varnishes take longer to 
dry (12-2i hrs.) but produce a much tougher and more flexible coat. Baking oil 
varnishes need stoving for from 3-9 hrs. at a temperature of 80°-100° G. and 
yield a hard, tough coat of maximum mechanical and electrical strength. 
Synthetic resin varnishes are converted to the 0-form (§ 74, VIII (a)) by stoving for 
several hours at about 150° C., the coils treated being then set solid in a mass of 
rigid insulation. A final drying in vacuo is needed to remove water liberated by 
the condensation process. Acid-p’oof paints should be regarded as finishing 
materials, affording protection against acid fumes but of no electrical insulating 
value. 

The general precautions to be observed when using insulating 
varnishes are : (i) To dry thoroughly the material to be varnished. 
This is done by stoving ; the dried coil, etc,, may then be coated 
by brushing or dipping, but vacuum impregnation is preferable 
where applicable, (ii) The varnish itself must be dry, clean, and 
of the right consistency; the viscosity afTeets the penetration and 
adherence obtained. Evaporation of solvent must be made good 
at frequent intervals, a hygrometer and thermometer being used 
to check the consistency. The density of an average insulating 
varnish decreases or increases about 0 3 to 0*35 7 ^ per 6 ® 0 . rise 
or fall from 15° C. 

A good oil varnish is practically proof against acid, oil, and 
moisture. A valuable eflfect of impregnating windings is to in- 
crease the heat conductivity of the insulation as a whole. 

77. Liquid Insulators. — The only insulators which are liquid 
during normal service are oil and carbon tetrachloride. As 
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generally employed the purpose of such insulators is to assist in 
removing heat (as in transformers) or to quench arcs (as in 
switches and fuses). The dielectric strength of oil is higher than 
that of air (§ 78), but the main reasons for its use are as stated. 
Due to its convection currents, oil is more effective than a solid 
filling in removing heat, within the range of thermal conductivities 
of the insulating materials available. 

(1) Transformer and Switch Oil. — Mineral, animal, and vegetable oils are all 
good insulators, of practically equal value when pure and dry, but mineral oils 
have the advantage of being practically immune from oxidation and the develop- 
ment of acidity in service ; also, they are less subject to sludging and carbonisation 
by heat. Besin oil has been mentioned favourably in Germany for use in trans- 
formers because it forms no tar deposits; it is, however, quickly carbonised by 
arcs if used in switchgear. The oils employed almost universally for transformers 
and switchgear are petroleum distillates. The particular grade employed is called 
transil oil. Specifications vary somewhat, but the properties generally demanded 
in the oil as delivered * are : An unmixed, clear, refined product of sp. gr. between 
0*85 and 0*90 at 20° 0. Viscosity (Bedwood), say, between 100 and 200 secs, at 
20° 0., and between 60 and 75 secs, at 60° 0. Practically free from moisture, 
sand, fibres, etc.* Free from alkali and sulphur. Acid content not more than 
0*02 % expressed as H2SO4 (often ‘ no trace of acid ’ is specified). Setting-point 
(cold test) not above -- 16° 0. for switch oils, and not above - 4° 0. for transformer 
oils. Flash-point not below 145° 0. for transformer oil, and 160° C. for switch oil. 
The loss by evaporation when heated for 6 hrs. at 100° C. should not exceed 0'6 

no deposit should form, and no acidity should be developed during this heat- 
ing. Tests for sludging (which should not occur) involve bubbling air through 
oil at, say, 110° 0. for two or three days. 

Though a specification of this nature ensures that a suitable oil is obtained, 
the influence of the various clauses is not so definite as might be expected. The 
viscosity of the oil affects the rate of cooling of transformers and, naturally, the 
viscosity at the normal working temperature should be considered ; the viscosity 
at atmospheric temperature is of little practical importance. It is doubtful 
whether viscosity, within the range of practical values, has appreciable influence 
on the speed of quenching arcs at switch contacts. There must bo no risk of a 
switch oil congealing at low atmospheric temperatures, but stiff oil in a cold trans- 
former is of little impoHance provided that the viscosity becomes correct as the 
transformer heats up. The flash-point test is useful only as excluding oils with 
highly volatile constituents. The maximum temperature in service is always fat 
below the flash-point (§ 80) except at submerged arcs, where burning cannot 
occur ; if arcing occurs in contact with air the oil will ignite whatever its flash- 
point. A small loss by evaporation, on heating, is desirable, but the rate of loss 
naturally becomes much smaller as evaporation proceeds. In modem trans- 
formers volatile matter can escape only slowly, if at all, from the tank ; oil-switch 
tanks are provided with pipe- vents to free air. 

Sludging in transformer oil forms deposits which clog the circulating pas- 
sages, and reduce the rate of heat-transmission from transformer to oil and from 
oil to tank. The deposits are oxidation products and have an acid reaction ; their 

* The oil must be filtered and dried before use as explained below. 
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formation appears to be hastened by a catalytic action on the pait of copper. 
Forced circulation of oil prevents the sludge from settling ; periodic filtration is 
desirable. Russian oils contain less tar and give less trouble from sludge than do 
American oils. 

It is useless to specify voltage break-down tests for oil as delivered, because oil 
delivered in bulk inevitably contains fibrous and other foreign matter and some 
moisture (up to, say, 0*1 Recent research * indicates that break-down tests on 
oils with, needle points or point and plate electrodes do not indicate the quality of 
oil as regards wetness or dirt, and therefore give a fictitious consistency of results. 
After filtration and drying, a good transformer or switch oil should not break- 
down below 20 OOO V when tested on a 0'15 in. gap between spheres of J in. di- 
ameter submerged at least 2 ins. Filtration and drying may be effected by forcing 
the oil through a filter-press containing sheets of absorbent paper. 

The break-down of oils appears to be due generally to fibrous particles form- 
ing chains between the electrodes under the influence of the intense electrostatic 
field. The remarkable efiect of a trace of moisture in reducing the dielectric 
strength of oil (1 part of water in 10 000 of oil may halve the break-down voltage) 
is explained by the moisture being absorbed by the fibrous particles. If oil be 
cleansed by a colloid or membrane filter its break-down voltage, on a 0*15 in. gap 
between J in. spheres, may be 65 000-90 000 Y or higher. 

(2) Carbon Tetrachloride is incombustible and comparable with mineral oil 
as an insulator. It has been tried as a substitute for mineral oil in oil switches 
but is subject to serious disadvantages, viz . : (1) It evaporates at atmospheric 
temperatures. This may be prevented by a layer of glycerine, but the latter is a 
conductor and is liable to get on the insulators ; also, glycerine corrodes copper. 
(2) It corrodes copper, but protection can be obtained (except at the contact faces) 
by tinning. (3) It has no lubricating value. (4) It is about twice as heavy as 
mineral oil (sp. gr. 1*6 compared with 0*87). (5) It has ansesthetic effects, is 

detrimental to health, and dissolves rubber. 

Carbon tetrachloride boils at 76° C. and freezes at — 27° C. Its only ad- 
vantage for switchgear appears to be its incombustibility, and this is outweighed 
by its many disadvantages. It is, however, used as a filling for certain high 
tension fuses. 

78. Air as an Insulator. — Wherever it is applicable as in- 
sulation, air has the advantage that it needs no preparation or 
maintenance. Should a voltage hre^k-down occur the full insula- 
tion is restored by fresh air directly the discharge ceases, unless 
the ionised air cannot escape — in which case the insulation niay 
be low for some time. Though air itself costs nothing, a structural 
support has to be provided to hold conductors apart in air, and 
porcelain or equivalent insulators have to be provided between 
the conductors and their supports ; these insulators are electrically 
in parallel with the air between the conductors. Again, though 
air is a ‘ self-mending ’ insulator, a break-down may result in 


* See communication from B.E.R.A., ‘ Research, on Insulating Oils,’ ML Eev.y 
Vol. 89, p. 687. 
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injury to the conductors by arcing, or in the establishment of 
pressure surges (§ 349) which damage the insulation of machine 
windings, etc., at other points, in the system. 

The dielectric strength of compressed air is considerably higher 
than that of air at atmospheric pressure, and compressed air has 
therefore been used in E.H.T. condensers and instruments, mainly 
for experimental purposes. 

There is a fairly definite relation between the maximum value of an alternat- 
ing voltage and the length of air-gap across which sparking occurs between stated 
electrodes. This affords a convenient method of measuring very high pressures, 
and tables have been prepared by various investigators to show the voltages cor- 
responding to various sparking distances. For a given voltage the spark gap is 
greater between needle points than between spherical electrodes (roughly four 
times as great between needles as between spheres of 6 ins. diameter for pressures 
between 40 000 and 80 000 V, R.M.S.). The break-down voltage increases about 
0*25 % per 1 mm. rise in barometric pressure, and decreases about 0-85 per 
1° 0. rise in temperature ; the humidity and amount of dust in the air also affect 
the break-down voltage very considerably. In X-ray work and insulation tests the 
crest voltage (§ 30) is important and tables are available * showing the peak 
voltage corresponding to various gap lengths. For industrial purposes, where 
sinusoidal waves are used, it is more convenient to use tables showing the B.M.S. 
voltages for various gap lengths.f With spheres 1 ft. or more in diameter the 
break-down voltage becomes roughly proportional to the gap length and is about 
20 000 V per cm, for gaps from 2-5 cm., and about 16 000 V per cm. for gaps 
from 10-15 cm. (R.M.S. values). These figures are for general guidance only; 
see B.E.S.A. tables (Zoc. cit.) for complete data. 

It is necessary to distinguish carefully between the true dielectric strength 
of air in volts per cm. when subject to a uniform electrostatic stress, and the 
break-down voltage for a particular gap. The relation between applied P.D. and 
maximum dielectric stress is easily calculated where spherical electrodes are used ; 
Russell J gives the formula ~ ^max. “ maximum electric 

stress in volts per cm. ; F = P, D. between spheres ; x = minimum distance be- 
tween spheres, in cm. ; / = a correction factor varying with x J a, where a = radius 
of each sphere, in cm. Tables of values for /are given loc. cit. With infinitely 
large spheres {x / a = 0) f = 1; for a; / a = 0*3, 0*5, 0*7, 1*0, and 1*5, / = 1*10, 
1*17, 1*25, 1*36, and 1*56 respectively. Russell Z finds that the maximum stress 
between spherical electrodes in air at the moment of break-down is, in maximum 
{not B.M.S.) kilovolts per cm., Rynax. ~ values of a (= radius 

of sphere in cm.) from 0*25 cm. to 25 cm. and at 25° G. and 760 mm. barometer. 
The corresponding maximum {not B.M.S.) sparking voltage is calculated from : 
V = R^nax (^ //)• indicates that, at atmosjpheric ^ressurcy the dielectric 

strength of air is about 27 500 V (max.) per cm., the other term in the expression 


* See X-Eays by Kaye (Longmans). 

t A table of sparking distances for sphere spark gaps from 10 000-400 000 V 
(B.M.S.) is given in B.E.S.A. Beport 137. 

ZPhil. Mag.y 6, Vol. 2, p. 258; Jour, I.E.E.y Vol. 40, p. 6 ; EUctric Cables 
and Networks (Constable), p. 243. 
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for ^ correction for the effects of currents of electrified air and vanish- 

ing when a is very large. 

As regards compressed air, Watson * finds that the dielectric strength of air at 
17° 0. is approxinaately (20 + 25*6 P) kY per cm. (maximum, 7iot E.M.S. volts), 
where P = air pressure in atmospheres absolute. This formula is purely empirical, 
but is sufficiently accurate for all pressures between 3 and 15 atmos. absolute. 
Air at 200 lbs. per sq. in. gauge pressure (14*6 atmos. absolute) has a dielectric 
strength of about 395 kV per cm. (1 000 Y per mil), which is about ten times the 
dielectric strength of air at atmospheric pressure (between 1 in. spheres), and equal 
to that of micanite. 

79. Effect of Air Films in Layered Insulation. — Air films 
afford an opportunity for hygroscopic insulating materials to be- 
come damp ; also, the dielectric strength of air at atmospheric 
pressure is lower than that of solid and impregnating insulating 
materials. The most serious result, however, of air films between 
layers of paper, micanite, etc., in insulation subjected to high 
voltage, is the uneven voltage gradient thus established. The 
layers of solid insulation and air amount to condensers in series, 
and the total voltage across the insulation as a whole is divided 
between the layers in proportion to their thickness and in inverse 
proportion to their specific inductivity capacity (§ 46). The 
specific inductive capacity of air being lower than that of solid 
dielectrics (Table 7), the voltage across an air film is higher than 
that across an equal thickness of the solid dielectric and may be 
sufficient to cause break-down ; even if break-down does not occur 
at once the air is ionised, and the solid dielectric is deteriorated 
by the ozone and nitrous oxides formed. 

Example, — Suppose that two 2 mm. sheets of micanite with a 0*1 mm. air 
film between them be subjected to a P.D. of 6 600 Y. Let the P.D. across the mi- 
canite be and that across the air be v^. Denoting the corresponding thicknesses 
by specific inductive capacities by respectively, *• = 

K)- Now7c„=l-Oaiid;c,„=6 (say). Henoe.«„j:c„=(4/ 6) : (0-1 /I); 
whence = “a x 4 / 0-6 = 6-7 va- «,« + «'«= 6 600 V ; therefore 6-7 
= 6 600 and = 6600/ 7*7 = 860 Y. A P.D. of 860 Y across a 0*1 mm. film 
corresponds to 86 000 Y per cm. which stress is two or three times the dielectric 
strength of air at normal pressure (§ 78). The air film will therefore break down, 
and the heat from this discharge will soon cause the micanite to fail. 

Due to the excessive stress otherwise placed upon air between 
layers of paper or fibres of cotton, silk, etc., such materials must 
be impregnated when used as high-tension insulation, apart from 
the equally important consideration of excluding moisture. 

* Jour, I.E,E.y Yol. 43, p. 113. 
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80. Temperature Limits for Insulating Materials. — As 

stated in §§ 71, 72, the specific resistance and dielectric strength 
of all insulating materials decrease rapidly when the temperature 
is raised. Also, organic insulating materials suffer permanent in- 
jury (by charring, becoming brittle, etc.) if heated above a quite 
moderate temperature (usually in the neighbourhood of 100°- 
130° G.^ For these reasons it is necessary to avoid overheating 
such materials both during manufacture and in service. If char- 
ring occurs the material is converted more or less completely to 
carbon which is a conductor. Refractory insulating materials 
used in heaters and the like have necessarily to be exposed to 
high temperatures, and the approximate limits have been stated in 
preceding sections relating to the materials concerned. The I.E.C. 
Rules for Electrical Machinery (Publication No. 34) stipulate that 
the highest observable temperatures in the machinery covered by 
these rules f shall not exceed for — cotton, paper, or silk 80° C. 
when not impregnated, and 95° 0. when impregnated or immersed 
in oil ; enamelled wire, 95° 0. ; mica, asbestos, glass, porcelain, 
micanite, and similar compositions, 115° 0. The proposed 
temperature limit for oil, measured by thermometer, is 90° C. 
{See also § 136.) 

Magnetic Materials and Non-magnetic Steels. 

81. Magnetisation Curve and Cycle. — A solenoid of IT J I 
ampere-turns per cm, (§§ 42, 43) produces within itself a magnetic 
field H = (47r / 10) x {IT / 1) lines per sq. cm. but if the solenoid 
have a magnetic core, the magnetic induction, J5, therein is greater 
than the magnetising field, FT, in the ratio B / H ya, the perme- 
ability of the core material (§ 43). Referring to Fig. 12 the in- 
duction rises comparatively slowly from 0 to a while the initial 
resistance of the steel to magnetisation is being overcome. From 
a to A the induction increases rapidly as the field H increases, 

* Charring temperatures of insulating naaterials quoted by Messrs. Pinchin, 
Johnson & Co. Ltd. are (in °0.) : Cambric, shellacked 160°, untreated 16S° ; 
oiled duck, 170°-175°; drilling, untreated, 175°; leather, oiled, 182°; silk, oiled, 
200°, untreated, 220° ; surgical brand cotton, 230° ; glazed pressboard, 240°-260° ; 
fine linen, 250°. 

t i.e. rotating machines of which the terminal pressure does not exceed 6 000 V 
or of which the rated output does not exceed 750 kVA, or of which the stator cores 
do not exceed 50 cm. axial length, and all transformers which are not water 
cooled. 
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the permeability being high. Beyond A the effect of magnetic 
saturation becomes evident, and at G the steel is practically satur- 
ated, further increase in the magnetising field producing only the 
same additional induction as would be produced with an air core ; 
at very high values of H (beyond the range of ordinary practice) 
the induction 00' is a negligibly small fraction of the total in- 
duction, i,e. the permeability of the core is then nearly unity. 
Within the practical range of magnetising forces, however, the 
permeability is high — of the order I OOQ at flux densities about 
10 000 lines per sq. cm., in the case of those grades of iron and 
steel which are used as cores for electromagnets, armatures, trans- 



Fig. 12. — Magnetisation curve and cycle. 


formers, etc. For such applications high permeability and low 
hysteresis and eddy current losses (§§ 34, 39) are primary require- 
ments. In permanent magnets, however, the principal require- 
ments are : (i) a high saturation density (0(7', Fig. 12) ; (ii) a 
high remanent magnetism (OD, Fig. 12) when the magnetising 
force is removed; and (iii) a high coercive force (OE, Fig. 12), 
this being the negative magnetising force required to neutralise 
the remanent magnetism OD and thus a measure of the tenacity 
with which the material holds this remanent magnetism. If the 
negative magnetising force be increased beyond the value OE, 
the steel is re-magnetised (in the opposite polarity) and ultimately 
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reaches a saturation point F corresponding to G, On again re- 
ducing the magnetising force there is left remanent magnetism 
OG (= OD) to remove which the coercive force OK (= OE) 
must he applied. Beyond K positive magnetisation occurs along 
the curve KC and not along OAC. The latter curve is followed 
only during the initial magnetisation from the non-magnetised 
state represented hy 0 ; to retrace OA G, we should have to re- 
move the negative magnetising force at such a point on the curve 
EF that the remanent magnetism was zero (instead of OG). 
The complete curve CEFKG is the ‘hysteresis loop’ for the 
material and the area enclosed by this loop represents the energy 
expended in overcoming hysteresis during one complete cycle of 
magnetisation. The loop shown in Fig. 12 refers to Firth’s per- 
manent magnet steel. The area of the loop is large, i.e, the 
hysteresis loss is high, but this is inevitably so where a permanent 
magnet is concerned and is, indeed, an index of merit for the de- 
sirable qualities are high remanence and high coercive force both 
of which involve a wide loop. 

Where iron or steel is to be used as the core of an electro- 
magnet, armature, transformer, etc., the desirable qualities include 
high permeability and a small hysteresis loop. 

The succeeding paragraphs deal briefly with core materials, 
permanent magnet steels, and non-magnetic irons and steels. 
Typical magnetisation curves for irons and steels and for nickel 
and cobalt (the only two non-ferrous materials possessing any 
high degree of magnetic susceptibility) are given in Fig. 13. 
Permeability values may be obtained for any particular value of 
induction, B, by dividing the latter by the corresponding value 
of jEZ*. a scale of ampere-turns per cm. is added below the JT- 
scale, this being more convenient for purposes of design (§ 43). 

82. Core Materials. — Broadly speaking, maximum physical 
hardness coincides with the best magnetic qualities (high re- 
manence and coercivity) in permanent magnets whilst physical 
softness is associated with high saturation density, high perme- 
ability and low hysteresis loss, these being desirable characteristics 
in iron which is to be used in electromagnets (including armature 
and transformer cores, etc.). For the frames of D.C. motors and 
dynamos, which serve also as the magnetic yoke between the 
field poles, cast iron or cast steel is generally employed. Cast 
steel has the advantage of being mechanically and magnetically 
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superior to cast iron; also, it is magnetically equal to or better 
than wrought iron and is more convenient for the constructional 
purposes concerned. A 3 % nickel steel is sometimes used for the 
frames and rotors of large dynamos on account of its excellent 
mechanical properties. In the rotating field systems of high- 
speed turbine- driven machines the mechanical stresses are such 
that rolled steel plates offer advantages compared with forgings 
(§ 145 ). 

Where the magnetic field is alternating — as in armatures, 
transformers and the field-systems of A.C. motors — it is necessary 
to subdivide the core into thin sheets in order to reduce the eddy 
current loss (§ 39). For the same reason it is desirable that the 
electrical resistance of the metal should be high. The dimensions 
of such cores have a large influence on the overall dimensions and 
cost of the machine or transformer and, in order to reduce them, 
high permeability and high saturation density are required. 
The shape of the curves in Fig. 13 is such that a small vertical 
distance between them involves a large increase in ampere-turns 
per cm. in order to reach a given flux density in the inferior 
material- 

For many years sheets of Swedish charcoal iron were the 
best material available for cores ; these have a maximum perme- 
ability, 3 000; a hysteresis loss about 1'8 W per kg. ^ {Bmax. 
10 000 gauss) ; and an electrical resistance, 10 microhms per cm. 
cube. It has been found, however, that a small percentage of 
aluminium or silicon greatly increases the permeability and re- 
duces the hysteresis loss of iron. The authors are indebted to 
Messrs. J. Lysaght, Ltd., and J. Sankey & Sons, Ltd., for permis- 
sion to reproduce the curves in Fig. 13, relating to their special 
electrical steels ‘ Lohys,’ 'Special Lohys,’ and ‘Medium Re- 
sistance ' dynamo steels, and ' Stalloy ’ which is a high resist- 
ance silicon steel used mainly in transformers. The total 
hysteresis plus eddy loss in 20 mil sheets of these materials at 
^nmx. == 10 000 gauss, 50 cycles per sec. is approximately 3*5 W 
per kg. for Lohys (sp. gr. 7*8) ; 2*9 W per kg. for Special Lohys 
(sp. gr. 7*8) ; 2*5 W per kg. for Medium Resistance Steel (sp. gr. 
7*75) ; and k76 W per kg. for Stalloy (sp. gr. 7*5). The maxi- 


* 1 watt per kg. = 1 560 ergs per cu. cm. per cycle, at 50 cycles per see. 
(nearly). 
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vacuum-melted 3*4 7o silicon alloy show this material to ha' 
maximum permeability between 60 000 and 70 000; hysteres 
loss about 0*2 W per kg. 10 000 gauss, 50 cycles) ; ai 

electrical resistance nearly 50 microhms per cm. cube. The^re a 
obvious practical diflSculties in melting large quantities of 
in vacuo, but the use of this class of material is likely to exten 

Large quantities of powdered iron are used in the XJnit( 
States as a substitute for hard iron wire in the cores of ‘ loading 
coils for telephone circuits, where the requirements are constai 
permeability and small loss by hysteresis and eddy currenl 
Electrolytic iron is ground to pass a sieve with 100-200 mesh^ 
per inch, rolled with flake zinc (which is then removed), insulate 
with shellac, and compressed at 100 tons per sq. in. to p)rodu( 
blocks nearly as dense as iron and with a tensile strength of 
to ton per sq. in. A permeability of 50 to 150 is obtained i 
the range if = 25 to 50 gauss (cf. Fig. 13), the permeability < 
particular samples being nearly constant over a considerable ran^ 
of flux density. The eddy losses are low, due to the iron beir 
electrically discontinuous. 

‘Permalloy' is the generic name applied to nickel-iron all 03 
containing about SO^/^ Ni and 20°/^ Fe. These alloys possess ri 
markable magnetic properties ; they will certainly be of impo: 
tance in electrical communication (telegraphy, etc.) and may fin 
application in heavy engineering. When properly heat-treate( 
permalloy has an ‘initial permeability’ (i.e. permeability at zex 
field, by extrapolation) as high as 13 000, or more than thirty time 
that of the best soft iron. Permalloy, although it has a sat'uratio 
value B = 11 000 gauss (approx.), comparable with that of iroi 
approaches saturation in the earth’s field. The area of tb 
hysteresis loop for permalloy, with ^max. = 5 000 gauss, is one 
sixteenth of that for soft iron. For B = 4 000 to 6 000 gauss th 
permeability of permalloy is 80 000 to 90 000, which is very muc 
higher than the value for silicon steel (§ 82) . For further inf orm« 
tion, see Jour. Franklin Inst,, Vol. 195, p. 621. 

83. Permanent Magnet Steels. — As explained in § 81 tw 
of the main requirements in a permanent magnet steel are hig 
remanence and high coercivity; in addition the magnet shoul 
not be weakened appreciably by ‘ ageing ’ when exposed to vi 
bration, temperature variations, etc. High-carbon steel (1 t 
, li*7o ^^^bon) can be used for permanent magnets, best result 
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being obtained whesn tbe metal ib ho quencliod an to yield the 
fincHt grain and greatont mechanical hardnonn ; a rinnancmec^ of 
8 500 gauHB and a coercivity of 50 can he ol>t/ain(‘,d. Alloy Hteeln 
are now availal>l(i which give far bottt».r rnagindH than plaiii c.arhon 
Hteel, but in ilm alloyn thence arc*, many faetorn determining thc^ 
magnetic qnalitic*H, arnl it docjH not follow that th<^ latter ar<3 I)eHt 
wlien the metal in in its hardoBt states. 

Most of tlici porinammt magnet Htosls on thc^ »narkcd/ arc*, 
tungsten alloys containing from 5 J to OA 'A* ; ()'55 to 

0‘7 7o CHJ’hon; 0‘.1 to 0’5 manganccsci ; 0*l to 0* I5'y silicon ; 
and tracetH of plH>K[>honiH and sulplmr. Whcai cjncmc^ln^cl at 825'*- 
850'’O. Hucb stec^l lias a rcnnanencci of 0 000 to 1 1 000 gauss and 
a coerc'ivity of 50 t<» 70 gauss, (jhroiniiicu stec*! containing about 
2 7^, chromium and 0*85 carbon gives about thcisamc^ cocu’c.ivity 
as tungstem stcMsls, but thcj rmnancuicc* is low(*r (0 0004) 500). 
Honda’s cobalt stecil, containing 85 7., cc»balt, 7 to 0 7„ ttmgsten, 
and (yr> can bcc made* to give? a c<H?rcivity of 180-200. 

Hadfield’s * Permanitc?/ also a cobalt stcH?!, is claimcHl to have? a 
i*emanencc? of 11 2(K) and a (?cM?rcivity of 120 gauss. 

All permanent magnets should Ym 'agcsl' l^y heating them 
to 100'' C. f(u* 24-48 !nu and subjecting thmn to vibration, ^'he 
extemt and rate! of ageing in servic'c* dc^pimds ecmsidc^rably upoti 
the form of the? magnet. 

84. Non-Magnetic Steels. —Iron loses its magnetic* propcirtic^s 
completely when (and whilst) hi»ated to the tmnpc^raturc? of 
recaleBCittnc^e (alsmt 08ff (J.) or higher. Tliis is important iri 
connection with the use, of liftiiig magneis ((lliapter 81) and in 
the magmatic deierininaiicuiof the correct Uun|M?raturc? h?r hardf‘n- 
ing carbon stcf?! {| 122). A Hcmufwhat similar idtemmnmon is 
observable in 25 7,, nickel steel which is normally non- magnetic, 
but winch becomes magnetic when cc-s)h*d to 40*' i.L and them 
remains magnetic tiniil lamted CKKf Ck Htiwds which are non- 
magnetic lit atiiiOH|iherie temfs?ratur«! an* tiwdul for Htructuriil 
purposes where tlie mechiinical strength of siftel is desired with- 
out tlie disturbing of reets which would Ym caused in the neighlKnir» 
h(X)d if magnetic material were em|>toyed. About Ifl or Ii^hh 
of inangiinese (acct>rdiiig to tlte amount of (*arbon |)resent) pro- 
duceH a non-magnetic steid, the electrieal resistance of which is 


* ‘ Permaiifitii Magiieti ie, llieory iiii4 FfaftUcii,’ by 8. 
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about five times that of iron. Hadfield’s manganese steel contain- 
ing 13 1*3 7o c^^t>on, and 0*3 7o silicon is practically 

non-magnetic, and is used near magnetic compasses and in other 
similar applications ; the metal is practically unmachinablc and, 
indeed, owes its principal applications (to special trackwork, 
rock-crushers, etc.) to its remarkable toughness and strength. 

A non-magnetic cast iron " No-Mag ' (Dawson-Ferranti patent 
application 33290/20) is recommended for use in resistance grids, 
switch, and transformer covers, and general structural components 
in which eddj^ currents are to be avoided. This material resembles 
ordinary cast iron except that it is tougher, more malleable, and 
of higher electrical resistance (140 microhms per cm. cube) ; its 
permeability is 1*02-1*03. 

Refbactorv Materials and Timber Preservai’ives. 

85 . Refractory Materials. — Infoi*mation concerning the heat- 
resisting properties of porcelain, asbestos-compositions, and other 
materials which are used primarily as electrical insulators, is given 
in earlier paragraphs. The materials here considered are those 
used as supports for the hotwires of heating apparatus, as linings 
for electric furnaces, and in other applications where resistance to 
heat is a primary consideration. Another requirement is low 
thermal conductivity, in order that heat losses may be reduced. 
At their working temperature, most refractory bricks, etc., become 
relatively good electrolytic conductors (§ 68 ), hence they must not 
be subjected to high P.D. Mechanical strength and low tempera- 
ture coefficient of expansion are desirable from the constructional 
point of view. Chemical inertness, particularly resistance to 
oxidation, is essential. 

Under suitable conditions the electric furnace can be made to 
melt practically all materials, hence it is correspondingly difficult 
to obtain refractories able to resist for a reasonable period the high, 
temperatures attained, the chemical action of the charge, and the 
scouring action of the molten metal ; no known material will stand 
up to these conditions indefinitely. The mechanical strength 
of all refractories is low at high temperatures and the melting (or 
flowing) temperature is reduced by 10 to 15 7^ by the application 
of a load of 50 lb. per sq. in. Conditions are much less sevm’e 
in furnaces for the common non-ferrous metals, because not only 
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are the inelting-jKuntH of tin* latter Inwftr than tliat of 
but also tliere is not, in Hiinple, inolfin^, the h1ii|^ artinn 

which is inevitable in stevl refining. 

Kefraetory materials may l)v ealeinml, ^rouml, iiiixo*! witli 
binder, and tlien (dtht»r hanm^d inh^ briekH, or riuiimod to fcoin a 
solid hearth or lining. Thv initial drying atid imiNi bo 

eonduetcH'l slowly and uniformly. Mtasture in ridVii.oiorii»H ooiO' 
taining lime is apt to eauso slaking. Kree/jng is diHastromi to 
most rcifractories. 

Refractories with a hasir ntaction are: alundum, biui)iit»% 
carborundum, dolomib^, magncMite, and /anaaiiio ; thono witli an 
acid reaction are silica ami kiosolgiihr; and tboHo whiob aro 
'neutral are chromite ami fireclay. Itrief notes <m those maJorials 
are appemled :■ * - 

Alundum (artificial coruiidinip in mmic l»y fcniijg an»l rrfisiiniJ: lnauiic le ilo’ 
electric furnace. lt« ihenrml conductivity in alKait CO ItiftOcr ilein that of nslicii, 
Linear coofiicient of (5X|>i«'i«ic»n H x 10 ^ per I'M*. Hpci’Oic rrsuijii.an«'e 0 fl 

per cm. cube at 2(f (.1 ; litO A |M*r cut, cube at I l»oo’' O. Htrnng at lii||b tisiificm- 
turen, Icsh liable than nilica to npall or wplinfcr, f'ncd tn licatins aiiil up- 

paratus and for furitiu'c rwds. Weakened by liiiuf and nmifjwma vapoiirfi Melf-liiH' 
point, 2 CKXf '2 KXr Cl 

BauxU0 lirkk coimiHtn of calmncd altiniirta with Urcr-lny fired at. tlio 

highcBt attainable tcmpcrahirc in onhtr to cfiiii|dete idinnkaK^'* 5ni|finf^ 

1 550^-1 H()0^ C. ai'Cfirding to quality. 

(UiHffrrundum (Htlicon carbide or eryi«ioki|j| r-s icv»dnl f^r fnrf}ac«i roofn, dnr> tn 
its rcfriKitory nature, it« Htrength at high Icniperature-i, it-i lugh flotrmiil r oii 
ductivity (morn than twin* that of and ii>i leav eoeflieienf. #»f etpimijioii 

(lower tfian that of ailica). It i-an he tried at ieiii|«-riiiiire*i f■•%^’e.ef|^|}g I stgi' il, 
So-calliid carbim brickn inmnlni of carlwirundiuij. 

ChnmiUe Ilrwk containing aUmi 40*7^, chroim tun oxide |o||sd.|ier with filiiitiiiifi, 
silica, and iron iixidc In attacked hy tnolten ateel and mmhr-tvA I bTd:t ft, 

M©lting-|>oint alajut 2 Itxr Cl 
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thermal conductivity is very low (from 1 to 2 B.Th.U. per stj. ft. per 1° P. per hr. 
for 1 in. thickness, i.e. about one-tenth that of solid silica). Kieselguhr is useful for 
lagging, and can he used in building and lining high temperature furnaces. Owing 
to the enclosed air, the apparent sp. gr. is about 1-0. Melting-point about 1 610° C. 

Magnesite is used with tar for rammed hearths, etc., or calcined magnesite 
(85 % to 94 7^, magnesium oxide) is moulded without bond to form bricks which are 
fired at or above 1 700° 0. to complete their shrinkage. Pure magnesia melts at about 
2800° 0. and magnesite brick at 2 165® C. Magnesite is much used for the hearths 
and walls of steel furnaces and in furnaces for melting aluminium and its alloys, 
bronze, bearing metals, lead, and copper. Magnesite hrichs expand greatly with 
temperature in. per ft. should be allowed at expansion joints), and though the 
melting-point is high the bricks are weak at a much lower temperature. Crush- 
ing strength 65 lbs. per sq. in. at 1 650° C. ; weight 164 lbs. per cu. ft. ; thermal 
conductivity 15-20 B.Th.U. per sg. ft. per 1® iP. per hr. for 1 in. thickness. 

Silica BricTcs (Dinas bricks) are made from sharp quartzite with 2 lime as 
bond ; the bricks should be at least 96 °/^, silica. They are strong at high tempera- 
tures hut spall if subjected to sudden temperature changes. They are used for 
furnace roofs and as lining in furnaces for melting bronze, copper, or silver. 
Silica is liable to attack by fluxes. Specific heat 0*22-0’30 between 500 and 
1 000° 0. ; weight 100-110 lbs. per cu. ft. ; crushing strength 1 850 lb. per sq. in. at 
1 350° 0. and over 75 lbs. per sq. in. at 1 500® 0. ; thermal conductivity 6-10 
B.Th.U. persq. ft. per 1° F. per hr. for 1 in. thickness. Melting-point 1 700® 0. 
Ganister brick is made from siliceous rock containing about 10 °/o of clay and 
requiring no other bond. JPure silica (quartz) flows at 1 750° 0. and is used in 
heating and cooking apparatus, etc. (§ 74, II (6). 

Zirconia, which is now available in commercial quantities, is exceptionally 
refractory (melting-point, 2 6O0®-3 000° 0.) and may be used with tar for 
rammed linings or in the form of bricks. Though dearer than magnesite, the 
maintenance costs are low because zirconia is very resistant to slags and metals, 
is mechanically strong, and has low expansion and low thermal conductivity. 
The specific heat is OT4-018 from 600°-1 500® C. ^iirconia bricks withstand 
1 800° 0. satisfactorily ; iron oxide, as impurity, lowers the melting-point. 

Refractory cements are generally of the same composition as the mixture 
from which the bricks are haked. A paste of asbestos (2 parts) and water glass 
(3 parts) mixed with water is useful in repairing refractories exposed to moderate 
temperatures. 

86. Preservative Processes for Timber. — Wood impregnated 
with paraffin wax is acid-resisting and moisture-proof, but this ‘ 
treatment is too expensive for use in the wholesale preservation 
of timber (particularly poles for overhead lines, § 323) which is 
to be exposed to, weather or buried in the ground. The pre- 
servative processes applicable in such, cases may require extensive 
plant for the injection of antiseptic solution under pressure, or 
penetration may be secured by more or less prolonged ininiersion 
in open tanks. Among the pressure processes are creosoting by 
the old method or the modern Rxiping and Riitger processes. A 
large number of the patent solutions have been introduced for 
open-tank processes. 
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Creosote is the preservative raost used for poles in this country. To facilitate 
penetration small radial holes may he forced {not drilled) in the butt. It is ad- 
visable to impregnate the whole pole and not merely the butt. There is a certain 
settlement and oozing out of the creosote in service ; after a time there is about 
one-third the original weight of creosote in the butt and a less proportion in the 
upper parts. Weight for weight, creosote is estimated to have about twice the 
antiseptic effect of copper sulphate at one-fiftieth the cost for materials. With 
deep penetration the oil is fairly resistant to attack by white ants. Injection of 
about 10 lbs. of creosote per cu. ft. of timber is recommended for poles, and the 
wood should not be cut or drilled after creosoting, as the heavier fractions of the 
oil lie near the surface. 

Kyanising is a low-pressure process, seasoned timber being steeped for days or 
weeks in a weak solution of mercury chloride (corrosive sublimate). The solution 
does not penetrate deeply, and the weight of salt absorbed is given as about 0*01 lb. 
per sq. ft. of surface for fir. The preservative is said to be leached out by rain, and 
may then contaminate drinking water, but the process has been used extensively 
on the Continent. Kyanised timber can be painted. 

Aczol is a mixture of copper or zinc ammoniates with an antiseptic acid con- 
taining phenols and naphthalenes. Its action is to cement together the surface 
layers of wood fibres and tissues, and is claimed to be as effective as creosoting, 
and to cost about 2Jd. per cu. ft. for pole timber. 

The Powell saccharme process employs by-products of sugar-refining which 
are said to form an approximation to amorphous wood in the interstices of the 
timber treated. Wood is appreciably strengthened by the treatment, and, by 
inclusion of arsenic in the solution, becomes resistant to white ants. The process 
is used fairly extensively in Australia, New Zealand, and India. Treated timber 
is clean, dry, and can be painted. 

Solignum has proved useful within the author’s experience when merely painted 
on. Microsol consists of sulphates of copper, soda, and lime. Bellit consists 
mainly of sodium fluorite. There are many other materials and processes which 
cannot be dealt with here. Treatment by simple metallic salts is not in high 
favour in thiis country. 

An exhaustive treatment of the nature of decay in wood, and of preservative 
materials and processes, is given by A. J. Wallis-Tayler in the Eoyal Society of 
Arts Journal, Vol. 62, pp. 286 et seg. A valuable monograph on the antiseptic 
treatment of timber is given by R. S. Pearson in Indian Forest Records, 3, Part 
2, and a bibliography is given therein. 

Data concerning the life of timber, treated and untreated, are 
given in § 323. 

87 . Bibliography {see explanatory note, § 58). 

Standabdisation Rbpobts, etc. 

(1) I.E.C. Publications. 

No. 28. International Standard of Resistance for Copper. 

No. 34. Rules for Electrical Machinery. 

(2) JB.E.S.A. Bejports. 

No. 7. Insulated Annealed Copper Conductors for Electric Power and 
Light. 

No. 55. Hard Drawn Copper and Bronze Wire. 
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No. 68. Method of Specifying the Resistance of Steel Conductor Rails. 
No. 72. British Standardisation Rules for Electrical Machinery. 

No. 115. Specification for Metallic Resistance Materials. 

No. 128. Specification for Bare Annealed Copper Wire for Electrical 
Machinery and Apparatus. 

No. 134. Specification for Steel Poles for Telegraph and Telephone 
Lines. 

No. 137. Specification for Porcelain Insulators for Transmission Lines- 
No. 139. Specification for Bed Fir Wood Poles for Telegraph and 
Telephone Lines. 

No. 144. Specification for Creosote for the Preservation of Timber. 

No. 148. Specification for Insulating Oils for Use in Transformers, Oil 
Switches, and Circuit Breakers, 

See ‘Specifications for various railway and rolling stock materials. 
Chapter 35, Bibliography. 

Books. 

Asbestos- A. L. Summers (Pitman). 

Electrical Insulation. W. S. Flight (Pitman). 

Special Steels. T. H. Burnham (Pitman). 

Magnetic Induction in Iron and other Metals. J. A. Ewing (‘ Elec- 
trician ’). 

Industrial Chemistry. H. K. Benson (Macmillan). 

Insulation and Design of Electrical Windings, A, P. M. Fleming and 
R. Johnson (Longmans). 

Mechanical Technology. G. P. Charnock (Constable). 

I.E.E. Papers. 

Switch and Transformer Oils (Sub-Gommitbee Report). Vol. 53, p. 146. 
Insulating Oils (Sub-Committee Report on Tests on Transformer Oils). 
Vol. 54, p. 497. 

Moulded Insulating Compositions, R. T. Fleming. Vol. 57, Supp. Parc 2, 
p. 322. 

Carbon Brushes ; Considered in Relation to the Design and Operation of 
Electrical Machinery, P. Hunter-Brown. Vol. 67, p. 193. 

Properties and Characteristics of Insulating Materials, R. T. Fleming. 
Vol. 60, p. 58. 

Effect of Heat on the Electric Strength of Some Commercial Insulating 
Materials, W. S. Flight. Vol. 60, p. 218. 

Properties and Uses of Micas (Report from B.B.R. A.). Vol. 60, p. 839. 

Miscellaneous. 

Reports on materials by the B.E.R.A. are published in the I.E.E. 
Journal. 

Tests on Insulating Varnishes, W. S. Flight. El. Rev. Vol. 89, p. 771. 
Dielectric Strength of Solid Insulating Materials, W. S. Flight. VoL 90, 
p. 40. 

For Bibliographies on Dielectrics, including references to the principal 
articles on the subject in periodical literature, see E. H. Rayner, 
Jour. I.E.E., Vol. 49, p. 63, and D. M. Simons, Jour. Amer, I.E.E., 
Vol. 41, p. 617. 

Magnet Steels, J. F. Kayser. Electm., May 25, 1928, p. 567. 

Cobalt Steel for Magnets, J. F. Kayser. Engineer, Vol. 135, pp. 57, 83. 
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INSTRUMENTS AND MEASUREMENTS. 

88 . Measurements Required. — In order to know what is 
happening in an electrical circuit it is necessary to measure the 
quantities, current, pressure, power, frequency, etc., relating to the 
current itself. Also by utilising properties of the electric current 
or variations in electrical quantities produced by other than 
electrical causes it is possible to measure the latter ; for instance, 
the resistance of a conductor varies with temperature and may be 
used to measure temperature (§§ 61, 122). Instruments for 
measuring electrical quantities, and electrical instruments for 
measuring other than electrical quantities, are described in this 
chapter, mainly as regards the principles upon which they operate 
and the facts bearing upon their use. For details of construction 
reference must be made to books devoted to this subject (§ 125). 

89* Types of Instruments. — An electric current can be 
measured by any of the effects which it produces, and, in so far as 
the effects ot* direct and alternating current are different, some 
instruments can be used only for direct current and others only 
for alternating current measurements. In general — 

(а) Any ^ polarised ' instrument the direction of deflection 
(or other action) of which reverses with the direction of the 
current is unsuitable for alternating currents unless, as in the 
oscillograph (§ 118), the instrument is capable of following the 
alternations completely and accurately. Polarised instruments can 
be arranged with a centre-zero scale so as to read in either direction 
without reconnection. 

(б) Instruments in which the effect varies with the square of 
applied current or P.D., or with the product of suitably related 
currents or P.D.’s, are unaffected by alternations in these quantities 
(except as regards hysteresis and eddy current effects, §§ 34, 39, 
100, 101, b) and can therefore be used in A.C. circuits. They can- 
not be arranged as centre-zero instruments . 
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(c) Instruments which, depend upon alternation of current for 
their action (e.g. induction ammeters, § 102) cannot be used on 
D.C. circuits. 

The effects of the electric current on which its measurement 
may be based, and the main types of instruments utilising these 
effects are as follows : — 

(i) 'Electro-Chemical, — The electrolytic effect of a direct 
current is made the basis of the international definition of the 
ampere (§ 3). It cannot be used to measure an alternating current 
because the electrolytic effect of one half-cycle is reversed and 
neutralised more or less completely by the ensuing, reversed half- 
cycle (see, however, Chap. 17). Neither can the electrolytic effect 
be used to measure the instantaneous value of a varying direct 
current. The amount of electro-chemical action produced varies 
with the quantity of electricity (§ 28), hence this effect is used to 
measure ampere-hours (§114) or, on the assumption of an unvary- 
ing current (§ 3), amperes indirectly. 

(ii) Thermal, — The heating effect of an electric current varies 
with the square of the current (§ 49), and is therefore the same 
for A.O. as for D.C. The expansion of a fine wire traversed by 
the current to be measured is made to produce a convenient 
deflection by means of a mechanical or optical magnifying system 
(§ 99). Alternatively the heating of a special resistance element 
may be measured by a thermo-couple built permanently in the 
circuit of a moving coil instrument (§ 99). 

(iii) Electromagnetic, — Instruments of this type are used for 
practically all ordinary commercial measurements. A current- 
carrying conductor establishes round itself a magnetic field (§ 32) 
which can be used : {a) to attract or displace a permanent magnet 
(as in certain galvanometers, § 96) or a piece of soft iron (as in 
‘moving iron' instruments, § 100); (b) to react with the field of 
a permanent magnet (as in ‘moving coil' instruments, § 101 a) 
or with the field of a second current-carrying conductor (as in 
dynamometer instruments, § 101 h ) ; or (c), if alternating, to in- 
duce currents in a second conductor and then to react with the 
field of the latter (as in induction instruments, § 102). The 
general principle employed is that of attraction or repulsion be- 
tween fixed and moving parts, one of which is a current-carrying 
conductor (usually wound in the form of a coil in order to 
multiply its effect, § 42). The moving part — whether a permanent 
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magnet, soft iron, or a coil of wire — tends to deflect against the 
control of a constant magnetic field, a spring, or the force of 
gravity as the case may be. The deflection or the controlling 
force required to prevent deflection of the moving system is a 
measure of the quantity under investigation. Polarised electro- 
magnetic instruments, i.e. those employing permanent magnets, 
cannot be used for A.C. measurements (excepting oscillographs, 

§ 118, and vibration galvanometers, § 96), but moving (soft) 
iron instruments and dynamometer instruments can be used 
on A.C. circuits. Induction instruments cannot be used on D.C. 
circuits. 

Moving iron and moving coil instruments will withstand 
much greater overload than hot-wire instruments. The hot wire 
of the latter is necessarily relatively thin and worked at high 
temperature, and the heating varies with the square of the 
current ; on overload the hot wire is liable to be melted sooner 
than a protective fuse-wire in series with it. 

(iv) Electrostatic . — The electrostatic attraction between two 
metallic vanes connected between points at different potential may 
be used to measure this P.D. The only current flowing in the 
instrument circuit is the extremely small charging current (§ 46) 
required to charge the condenser formed by the vanes of the 
instrument; this may be neglected for all practical purposes. 
Electrostatic instruments are equally suitable for measuring con- 
tinuous or alternating pressures. They can be used to measure 
current (D.C. or A.C.) indirectly by measuring the P.D. across a 
non-inductive resistance traversed by the current in question 
(§ 107 c ) ; for economic reasons, however, the P.D. across resistance 
in the main circuit must be kept low and electrostatic instruments 
are not suitable for the measurement of small P.D.'s. The prin- 
cipal uses of electrostatic instruments are for pressure measure- 
ments in laboratory work, and in high-tension circuits (§ 103). 
Electrostatic instruments depending upon the repulsion between 
similarly charged vanes are used to indicate whether conductors 
are ‘live’ (§ 104). In damp places leakage current affects the 
reading of any electrostatic instrument. 

(v) Dielectric Break-down . — The break-down of a dielectric is 
determined by the maximum P.D. to which it is subjected (§72) 
and the length of gap across which sparking occurs between suit- 
able electrodes (§ 105) forms a measure of crest voltage and hence 
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of R.M.S. voltage if the crest factor (§ 30) of the wave be known. 
This method is equally applicable to continuous and alternating 
pressures, but is only suitable for extra liigh voltages. 

90. Control and Damping’.— In thermal, electromagnetic and 
electrostatic instruments a ‘deflecting' force is exerted upon a 
pivoted (or suspended, etc.) ‘movement,' deflection of which is 
resisted by gravity, a spring, or some other ‘controlling’ force. 
In some types of laboratory instrument there is an advantage in 
varying the control (say by varying the torsion of a spring) so as 
to hold the movement over a zero index mark. The measure of 
the control force is then a measure of the electriciil quantity 
tending to deflect the movement. For all practical purposes it is 
much more convenient to use a deflecting instrument, the pointer 
of which moves over a calibrated scale (§ 91) and comes to rest 
when the control force is equal and opposite to the deflecting 
force. If the deflecting force be varied suddenly, by a sudden 
change in the quantity measured, the momentum of the move- 
ment will tend to carry the latter beyond the now position of 
equilibrium, i.e. the pointer will tend to overshoot the correct 
deflection and oscillate before coming to rest. Tliis may bo pre- 
vented by applying a retarding force which retards the motion of 
the movement, but whicli diminishes as the tnovenumt comes to 
rest and is then zero. Such a ‘damping' force is provided by 
the movement of a vane in a dashpot chamber, the walls of which 
it just clears; by the motion of a vane, or the ‘ movement' itself, 
in oil ; or by the eddy currents induced in a brake disc moving 
between the poles of a permanent magnet. Solid friction, such 
as produced by a brake band, may not be used for damping be- 
cause it exerts a force when the movement is stationary and thus 
affects the deflection. 

A commercial instrument is said to be ‘ dead beat ' when the 
oscillations die away rapidly. If the damping be increased till 
there is no overshooting, the instrument is then strictly ‘ aperi- 
odic ' ; further increase of damping makes the instrument 
'sluggish,' i.e, the pointer crawls slowly to the steady deflection. 
Oscillographs must he exactly aperiodic or ‘critically damped,’ 
but in ordinary indicating instruments a slight degree of over- 
shooting is useful as indicating that there is no abnormal friction. 
Recording instruments must be aperiodic. Sluggishness produced 
by over-damping is useful where it is desired to obtain an average 
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reading of a quantity which is fluctuating too slowly for the 
movement to take up a mean position by its own inertia. 

Gravity-controlled instruments must be levelled before use, 
and, since the control force varies with the sine of the angle of 
deflection in this type, the scale is cramped near the zero. Spring- 
controlled instruments can and should be balanced so that they 
can be used without levelling ; the control exerted by the spring 
varies uniformly with the deflection and this tends to produce an 
even scale (§ 91). On the other hand, the spring can, if desired, 
be ‘ set up ’ so that the pointer does not move until a predetermined 
value of current, etc., is reached ; the suppressed portion of the 
scale may be as much as 0*7 of the maximum reading, the whole 
scale length being then available for the remaining 0‘3 of the 
maximum {e.g, the instrument might indicate 70 to 100 V only). 
Control springs are used to carry current into moving windings. 

Air vane damping is generally employed in moving iron in- 
struments, and eddy current damping in hot wire instruments, 
moving coil instruments, and supply meters. The time taken 
for the pointer of an indicating instrument to come to rest should 
not exceed (0*4 x total length of scale, in inches) seconds. 

91. Scales. — When the pointer of any instrument is at rest at 
any point on its scale the control force is in equilibrium with the 
deflecting force on the movement in the position concerned. By 
varying the control (§ 90) or the manner in which the deflecting 
force on the movement varies with the position of the latter, any 
desired gradation of scale divisions can be obtained within a wide 
range. For general testing purposes a uniformly divided scale is 
desirable, but for switchboard service a scale which is open 
between the usual working limits and contracted elsewhere 
facilitates observation. Though an open scale contributes to 
accuracy of reading it has no relation to accuracy of indication 
(§ 92). The ‘effective range' of an ammeter, voltmeter or watt- 
meter scale is assumed to extend from the maximum scale value 
down to 10 7o of the latter if the scale be nearly uniform and 
down to 25 7o if scale be greatly contracted near zero ; if the 
scale be partially suppressed (§ 90) the whole actual range is 
efiective. 

The value of each scale division should be 1, 2, or 5 of the units 
measured or a decimal multiple or sub-multiple of these numbers. 
The aflgle subtended by 1 scale division should be at least O'S*" in 


§ 92 ELECTRICAL ENGINEERING PRACTICE 

sub-standard and portable first-grade instruments (§ 92) and at 
least T in other instruments; see cclso B.E.SA. Report No. 89. 

In order that it may all be visible at once, an edge-type scale 
must not subtend more than 8()°. Until recently disc-type 
moving-iron and moving-coil instruments have been built with 
scales subtending about 85®. By modifying the mechanical 
details and placing the scale arc on a ^iameter of the disc a 
scale length equal to the diameter of the instrument can be 
obtained, subtending about 125° In the Record ‘Cirscale' 
moving-coil instruments (§ lOlu) the scale subtends 300®-330®. 

If two instruments measuring related quantities A, B, be 
arranged so that their pointers cross (without touching) there is 
a definite position of the pointer intersection corresponding to 
every pair of values of A, B and this position — read on a third 
scale below the crossing pointers — indicates the value of any 
quantity G which is a definite function of A and B. For instance 
the pointer-crossing of an ammeter and a voltmeter may be used 
to indicate the resistance of a D.O. circuit (§ 17). Again, the 
crossing of wattmeter and ammeter pointers indicates power factor 
if the voltage he constant (§§ 56, 109-111); and the crossing of 
the pointers of two wattmeters used to measure power by the 
two-wattmeter method (§ 110) indicates the power factor of a 
three-phase load. It is not possible to read the intersection 
accurately when the pointers are nearly parallel or collinear. 
(For meter dials, see § 113.) 

92. Instrument Accuracy and Errors.—The British Engineer- 
ing Standards Association (Report 89) recognise three grades of 
instruments, viz. Substandard, used mostly for checking other 
instruments, and First Grade and Second Grade instruments, 
used on switchboards and as portable instruments where the 
higher grade of accuracy is not required. The error * in indicating 
voltmeters of these three grades should not exceed ±0-2 ± 1 7^, 

and ± 2 respectively. The same limits may be applied to 
ammeters of the moving coil, permanent magnet type; otlicr 
indicating ammeters should not exceed ± 0*5 7 oj i ^ 7o> 


* Expressed as per cent, of maximum scale 'value throughout the effective 
range (§ 91) in the case of sub-standard instruments. In first- and second-grade 
instruments the error is expressed as per cent, of indication from full scale to 
middle point, and as per cent, of half the maximum scale value fror^ middle 
point to lower end of effective range. 
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+ 4 7 ^. Tlie error in the thn‘.e gradc^n of iiulieatiiig waif.inet^vr at 
unity power factor (§ lOf)) Hhould not exceed ± 0*5 ’ ± 2*5 "4^, 

and ± 5 7o- thene figures ntpreHent jHU'nuHHihle maximuiu 

errors ; higher accuracy in obtaiiael in pre.s(‘nt-day piuciicM*. 

UiilesH some UHeful ptirpose is served hy the higher juauiraey, 
it is inadvisable to Hpecify Hub-standard or tirst-griide inHiruunudH 
because they an? necessarily iuon‘ costly and fhdicaie. 'File ac*» 
curacy of graphic recording instruments {§ f^d^sliouhl be IndAVism 
that of first- and tliat of secojid-gradt^ inflicating instrinnentH^ If 
an instrument must la* uscid with a shunt, instrument transbuiner, 
etc. (§§ 107, 30H), this auxiliary equipment should he regarded as 
part of the instrument fm* ptirjMKses of ealihration. 

Apart from eonstructional eiTors dtje, t<» frH*ti<m, ineorreet 
calibration, (*ic., elecdrieal insirunieiilH an* suhj«*ct to errors 
attributabh^ to variaticm in condithais t»r <pia!iiities other than 
tliose measured. The permissihle lindis ha* errijm <iue to suclt 
^uses may he smnmariwsl as follows (nee however B.E.H. 
Ileports 89 and fH) for a ftdl Htatement): ^ 

(i) VariaimuinAir re^iwtfoirc *4 runper hirr^’AMini wlfch 

fe 0 m|K:miture riHfj (II lU.) »e that iii voluieSeei lUiU rurreei 

through tho iiwtrument tfrelH t»» dt-remnc h.h thn Tim 

variation may Iw rmiuoed hy ‘ iiwaifiping ’ t|i#i with m miioh mrfal of '/orn 

tom|x^raturo ooefliciiint of reiiirtlanef. {fjj. mangainii) m nmy lui (mtumrimi in ilm 
circuit. In rotAtiug nmimm wlmnoirifly ournml Urakiiig tn cinpUiymit ilm iimrmmnl 
rosixtanec of the eoppttr or fthiminiiiin brako iIiho at bighiir tom|M’raf 4 ir*i«^ mlureii 
the braking torf|iifi. Tempemtiire VAriaiioni afbri more or bm ilm ^4rongtb of 
cjontrol iipriiigs. Thn net liimin'rAlure rbaiigint varew wbloly In difforent 

instrument!^, but iihoulfl alwiiyfi eonaiflererl. 

The pfirrontage ehaiigo in imlmtikm idenild net 4- 0*1 /., 4 0*tr'7„, 

and ± 0*4 ’7,, pi^r I" (), rhango m air tafiiporaliire, for rtub- standard, fimt, aijfl 
secjoiid grade indicating vnltnmkmi and arimi*a«r« re.«|x?rUvidy. For ifidIrAtiiig 
wattmet4jrg the i*orff»fi|Hin«llng liirilt?i are ± 0*2 t 0*2 mid 4 0*4 

(ii) Kxtarnal Mugmtic /‘VWi. ■ lumi far aa inagnidl*^ lbdd» 

appredably ilie Wf^rkiiig iinigmae: fbibl of i\w infaruiiiftiil. tl»oy am pi |t^4itfiUai 
source of orrtir. I» many mmn iirror dim to oxturnal umutwim riold riiti 
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(iii) Variations in Freqitency, — ^Between 25 and 100 cycles per sec. inclusive 
the variation in indication of any A.C. instrument (excepting frequency meters) 
throughout its efiective range (§ 91) should not exceed: For indicating sub- 
standard instruments ± 0*25 of the indication, for 50 °/q variation in frequency ; 
for first-grade instruments ± 1 and for second-grade instruments + 2*5 % of 
the indication for 5 variation in frequency. (In multirange instruments with 
lowest volt range below 110 V these limits may be doubled.) The corresponding 
limit for recording instruments is + 2 of the indication for 5 variation in 
frequency. 

(iv) Power Factor. — The variation in indication of a wattmeter throughout 
the effective range (§ 91) for variation in P.F. of load from 1*0 to 0*5 should not 
exceed ±0*5 °/o, ± 2 °/q, or ± 4 °/q for indicating sub-standard, first- and second- 
grade instruments respectively, and ± 3 % for recording wattmeters. 

93. Recording Instruments. — A graphic recording instru- 
ment is essentially an indicating instrument, all the movements of 
the pointer of which are recorded on paper, either by the pointer 
itself being used as a pen or by its being used as a type-bar as 
explained below. The paper is calibrated, in one direction by 
divisions equal to those of the instrument scale and in the other 
direction by equally spaced divisions which form a measure of time. 
The chart may be circular and rotated once in 24 hrs. (or other 
convenient time) or it may be in the form of a long band which is 
wound from one drum to another at a speed of say 1 in. per hr. 
(up to 1 in. per sec. if required). The chart is generally driven by 
clockwork and the error in its driving should not exceed 5 min. in 
24 hrs. (about 0*35 7o)* 

In most cases the pointer is used as a pen. The displacements 
proportional to the quantity measured are then along the arc of a 
circle of radius equal to the length of the pointer. The chart 
movement (proportional to time) is linear in the band-type but 
angular in the disc-type of record ; the latter type in particular is 
difficult to interpret because the time interval which corresponds 
to 1 in. circumferential displacement of the chart at 2-in. radius, 
is represented by 2 ins. at 4-in. radius, and so on. Various 
methods are available by which a pointer, turning as usual about 
a centre, can be made to record its position with regard to a fixed 
straight line perpendicular to the line of advance of the paper. 
The curve thus traced has rectangular axes of co-ordinates. In 
one system the pointer normally swings clear of the paper, and an 
inked ribbon is placed between the two. At predetermined 
intervals an electromagnetic device presses the pointer on to the 
ribbon and thus records the deflection by a dot QU the paper. 
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The record obtained is as good as a continuous record for most 
practical purposes, with the important advantage that the instru- 
ment is free from the friction which exists between pen and paper 
in a pen-recorder. Also, by using a polychrome ribbon or a 
printing wheel bearing different numbers, distinctive records for a 
number of circuits can be made on a single chart. 

Supply meters which record ampere-hours, watt-hours, etc., on 
a counting train or otherwise (§§ 113-116) are recording instru- 
ments, but this term is generally used to denote graphic recorders. 

94. Power and Power Consumption of Instruments. — The 
ratio of torque for full-scale deflection to weight of moving system 
is a convenient measure of the mechanical power of an instrument. 
This ratio should be reasonably high in order that the effect of 
pivot friction may be negligible, but an unduly high torque : 
weight ratio may be obtained at the cost of high expenditure of 
electrical energy in the instrument or of cutting down the weight 
of the movement below the limit of reasonable mechanical strength. 
The torque of indicating instruments should be not less than 
0*05 cm.-grm. per grm. weight of moving system in portable 
instruments, and not less than 0T5 cm.-grm. per grm. in switch- 
board instruments. In recording instruments pen friction is much 
greater than pivot friction and, according to Edgcumbe,* the ratio 
Torque for full deflection (cm.-grm.) / (Chart width (cm.) 

X Pen arm length (cm.)) 

should be at least 0*05 and preferably OT or higher. 

Table 8 , based on a more detailed one by Edgcumbe {loc. cit), 
shows typical values of volt-amperes for full-scale deflection of 
switchboard indicating instruments. Graphic recording instru- 
ments generally consume from 2 to 3 times the power required by 
the corresponding indicating instruments. 

Energy dissipated in the instrument itself may produce error 
by the heating which it causes (§ 92), Again, the volt-ampere 
load which may be placed on the secondary of an instrument 
transformer is strictly limited (§ 108). Not all the power ex- 
penditure involved by an instrument may be expended in the 
indicator itself ; for instance, a shunted D.C. ammeter in a 500 A 
circuit involves, at 0*075 V maximum shunt P.D. (§ 107), a power 
loss of 500 X 0* 075 = 37*5 W, but if 0*05 A goes through the 


* Industrial Electrical Measuring Instruments (Constable), p. 341, 
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iastrument and 499*95 A througk the shunt, the power expended 
ia the instrument (including its leads) is 

0*05 X 0*075 = O-OOS 75 W. 


Table 8. — Volt-Amperes for Full-Sccule Deflection of Indicat- 
ing Instruments {Switchboard Types). 


Type of Instrument. 

Ammeter. 

Voltmeter. 

Indicating Ammeters afid Voltmeters : — 
Moving iron, 6" or 8'' dial 

„ „ large sector or edgewise . 

Moving-coil (permanent magnet) all sizes 
Dynamometer, 6" or 8" dial . 

Hot wire, 6" or 8" dial .... 
Induction, 6" or 8" dial .... 

2 to 4 

4 to 8 

Amps. x0'05 to 0*1 
Amps. xO’4 to 1*5 
Amps. X 0*2 to 0*4 

3 to 7 

5 to 10 

10 to 20 

Volts X 0*01 to 0*03 
Volts X 0*05 to 0*1 
Volts X 0*1 to 0*2 

10 to 20 

Indicating Wattmeters : — 

Induction 

Dynamometer 

Current circuit 

2 to 4 

4 to 6 

Pressure circuit 

5 to 8 

Volts X 0*01 to 0*05 


95. Standard Measurements ; the Potentiometer. — For 

ordinary current and pressure measurements of high accuracy, 
the instrument known as the potentiometer is generally used, in 
conjunction with standard resistances (§ 20), standard pressure- 
reducing coils, and standard cells (§ 128). The principle of this 
instrument is as follows : A wire of very uniform size is divided 
up into a number of lengths of exactly equal resistance, all in 
series, of which one length called the slide wire is stretched over 
a calibrated scale divided into 1 000 parts. A steady current 
from a secondary battery traverses the whole wire, and this 
current is adjusted by means of resistance coils until there is a 
fall of potential of exactly yct of ^ wit over the slide wire and 
each of the other corresponding lengths. This is secured bj 
putting the E.M.F. of a standard cell (§ 128) in’ opposition to th( 
fall of potential on the slide wire, over a length of the lattei 
nominally equivalent to the pressure of the standard cell, and ad' 
justing the resistance in circuit with the secondary cells until f 
galvanometer shows that the two opposing pressures are actually 
balanced. The instrument being thus calibrated ready for use 
the standard cell is disconnected. Utilising the principle o 
Ohm’s Law, if the current to be measured is made to pass througl 
a known standard resistance (§ 29), the drop in pressure thereii 
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Thci ‘Unipivot' galvanom<d.er use.d in this set eliinimites t rouldcsome adjust - 
namt and ace.urah* levelling. It makes }>osHihlo the ineaHureineni rd presfairc^ 
from (1*000 I to (500 V; insulatiotj rnsiKtaneeH fniin 20 (KK) ohms h> I (KM) niegofiins 
at fiOO V ; currents from 1 /tA to 120 A (or any value with external Hhunt) ; and 
rcHiHtance.H from 10 microhms to 10 ohms, dr, with WheaKtone bridge, up tr^ 
1 100 (XK) olmis. The set (;oiiipnseH a nucro-ammeicr, a univeiHal sliiini, srrieit 
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will be a mciastire of tie? (uirretifc ; thin drop in preHHurc^ in theii 
defceriiiined hy indirect coinimriHon with tie*, pn^amire of aHfcandard 
ci*II on the nlide wdni of tlie inHininH‘.nt. 'Thfi two presHun^H are 
made to oppoee each otlier aiel i*xae.tly balane(i<l, whtm the ^alva- 
maneter will show no deflexion. The standard reKistaiua^s are 
desiffned g;em orally so as tcj ^ive dintct readings on tin) iustrmnent, 
HO that a eurnnit of I, 1 ( 1 , 100, or I 000 A allows in each cast-; a 
drop of potcnitial of d,> volt in tin* siatidard resistance*., this bein^ 
alsc^ tin? drop of potential in eatdi s<*ction of tlni potinitionuitcr. 
The actual resisiain'e is a trifle mon^ than is reepurod ; auxiliary 
ferminals are then fixejl a short way from tin* main tcirniinals, so 
that the resistance bstweea them is exae.tly the nujuirod sub- 
multiple. The UHiml vahn*.H are ()• 001 to <*arry 1 500 A ; 
01)1 il to carry 150 A ; 0*1 fi tocuirry 15 A ; with a drop of 1*5 V 
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Many forms of potentiometer are on the market Jo meet the 
needs of various classes of commercial testing work. In all these 
forms as much use as possible is made of direct-reading switch 
dials and arms. The slide wire itself may be mounted on a marble 
cylinder and traversed by a rotating contact arm which carries a 
direct indicating scale. In one form of potentiometer, the slide 
wire is entirely eliminated by a suitable arrangement of high re- 
sistance coils and dial switches. In yet another form a reasonably 
close ' balance ’ is obtained in the manner described above, and 
the deflection on the specially graduated galvanometer scale then 
indicates what must be added to the switch readings to obtain 
the unknown P.D. With this deflection- type of potentiometer, 
direct readings are generally obtainable to 0' 001 T ; null- or 
balance-type potentiometers for commercial work generally give 
direct readings to 0* 000 1 V (or to 0* OOO 01 V on reduced range) ; 
and special precision instruments permit readings to be taken, by 
estimation between direct readings, to within 1 microvolt, i.e. 
one-millionth of a volt. 

When a pressure is to be determined a definite proportion of 
that pressure (obtained from a standardised pressure-reducing 
coil, potential divider, or ‘ volt box ’) is similarly compared with 
the pressure of the standard cell. The volt box consists simply 
of a large coil of fine wire, wound non-inductively ( § 35 end), the 
terminals of which are connected across the full pressure to be 
measured. As shown in § 24, there will be an even potential 
gradient along this wire ; and secondary terminals are connected 
at intermediate points to give exact sub-multiples of the total 
pressure."^ The terminals used in any case are selected so as to 


* The principle that the P.D. across any fraction of a volt box is the same 
fraction of the total P.D. across the latter, holds good only if no current flo’ws 
through the shunt circuit (§ 107) between the points tapped. For example, the 
current flowing through a 100 U volt hox connected across 100 V supply will be 
1 A (§ 17) and the P.D. across IXI of the box will be 100 V x 1 U / 100 a = 1 V 
(§ 24). If this P.D. be measured by an electrostatic instrument (which passes no 
current, §§ 89, 103) or by a potentiometer (which is adjusted to balance the P.D, 
between the points of measurement, and then neither adds to nor subtracts from 
the current in the volt hox), it will be found to be 1 Y. If, however, 1 of the 
volt hox between two points AB be shunted by a measuring instrument of 1 U 
resistance, the effective resistance between A and B is halved, and the total re- 
sistance of the volt-box circuit is reduced to 99^ The current through the 
volt box is then lOO [ 99ijr = 1* 005 A and the P.D. between the points AB is 
1* 005 X 0*6 == 0* 502 5 V instead of the original 1 V. Thus a volt box provides 
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give an actual pressure of 1*5 V or less. Thus, for measuring a 
pressure of 1 000 V, a volt box of 100 000 11 could be used ; then 
the fall over 100 11 of this would he one-thousandth of the total, 
or 1 V only, which would be carried to the potentiometer. 

When a resistance is to be measured a current of suitable 
amperage is passed through it, and the values of this current and 
the resulting drop of pressure in the resistance are measured as 
explained ; then B = E f I. Considerable trouble is often ex- 
perienced, especially in damp climates, owing to leakage from one 
circuit to another over the ebonite insulation, which is affected 
both by light and moisture in the air (§ 74, IV {d))i this leakage 
may be quite appreciable in comparison with the currents in the 
instrument. 

The Drysdale A.C. potentiometer is designed for A.C. 
measurements, including the magnitude and phase of alternating 
P.D. The basic principles employed are the same as in the D.C. 
potentiometer ; for a detailed description of the instrument see 
Electrician, Vol. 75, p. 157 ; Vol. 77, p. 857. 

96. Galvanometers. — The name galvanometer is applied to a 
variety of instruments, the purpose of which is to detect weak 
currents. The relation between deflection and current strength 
varies with the mechanical and electrical characteristics of the 
instrument and its circuit, but if the ‘ law ’ of the instrument be 
known quantitative measurements of current, P.D., resistance, 
etc., can be made. 

(i) Fixed Goil Galvanometers, — The current to be measured 
is passed through a fixed coil the field of which deflects a per- 
manent magnet against the torsion of a suspending fibre or 
against the control exerted by the earth’s magnetic field. If the 
magnet be attached to the back of a small mirror its deflection is 
greatly magnified by the movement over a distant scale of a spot 
of light reflected by the mirror. 

In the tangent galvanometer a horizontal magnetic needle 
carried by a vertical pivot is placed at the centre of a circular coil 
the plane of which is vertical and coincident with the direction of 
the earth's field. When current passes round the coil the needle 
is deflected through an angle 0 and the current in amperes = 
K tan 9, where K is the ' constant' of the galvanometer. If the 

uniform potential gradient only so long as no current is shunted from (or added 
to) part of the volt box. See also § 107 (c). 
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coil be turned about a vertical axis in the same direction as the 
deflection of the needle it will overtake the latter, and if the angle 
through vrhich the coil has been turned is d, when its plane is 
again coincident with the needle, the value of the current is 

. sin a, being a different ' constant. ’ 

The linesman's detector, used principally for indicating current 
when identifying or testing the continuity of circuits (Chapter 40), 
has a pivoted magnetic needle which is deflected when current 
flows through an adjacent fixed coil. Two windings are generally 
provided, one of many turns of fine wire and about 100 fl re- 
sistance for currents of a few milliamperes, and one of a few 
turns of thick wire (about 0‘2 fl,) for heavy currents — up to 150 A 
if the coil be shunted (§ 107). This instrument may be used for 
rough comparisons of currents, but a testing set (§ 106) should 
preferably be used. 

(ii) Momng-Goil Galvanometers . — The D'Arsonval galvano- 
meter is the prototype of moving coil, permanent magnet volt- 
meters, and ammeters (§101) from which it differs only in having 
a fibre suspension instead of pivots for the moving coil and a re- 
flecting mirror instead of a pointer to magnify the deflection. 
By eliminating the soft iron core inside the moving coil, replacing 
the latter by a single conductor of silvered glass or quartz, and 
reducing to a minimum the length of air gap, we arrive at th6 
Einthoven string galvanometer. When current passes througl 
the ‘ string ’ the latter is deflected (§ 33) ; the deflection is magni- 
fied by a microscope and recorded photographically. A smal 
fraction of one-millionth of an ampere can be measured. Re- 
placing the magnetic poles by plate electrodes at known potential 
and the current carrying fibre by a fibre connected to a source o: 
potential under investigation, the instrument becomes the strint 
electrometer. 

An ordinary moving-coil galvanometer is essentially a D.O 
instrument ( § 89, a), but if provision be made to vary the tensioi 
of the suspension, the natural frequency of the moving systen 
can be made to coincide with the frequency of alternating curren 
used in A.O. bridge measurements (§ 120), etc. Thus arrangec 
the instrument is a vibration galvanometer. Its coil vibrates h 
resonance (§ 47) when traversed by A.C. of the frequency fo 
which it is adjusted, and when the band of light, so produced on it 
scale, is reduced to a steady spot it is known that no current i 
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flowing through the instrument, i,e. balance has been obtained in 
the case of a bridge measurement. 

(iii) Ballistic Galvanometers, — Either a moving needle or a 
moving-coil galvanometer may be used ballistically if its damping 
(§ 90) be small, and its time of vibration not less than, say, 10 
secs. The principle used is that when the whole of a transitory 
current flows through the galvanometer before the moving system 
has time to move appreciably, the subsequent deflection depends 
upon the quantity (§ 28) of current which has passed. The in- 
strument must be calibrated experimentally and its principal use 
is in determining magnetic flux or flux density by measuring the 
quantity of electricity induced in a ‘ search coil ’ when the latter is 
rotated in or withdrawn from the field in question (§§ 36, 121). 

97. Commercial Measurements.— For the ordinary measure- 
ments of commercial electric supply an accuracy of 1 or 2°/^ 
is generally quite sufficient (§ 92), and self-contained instruments 
are employed. 

For fche measurement of current and pressure ‘ ammeters ’ and * voltmeters ’ 
are used respectively (§ 98). These may be either plain, indicating-dial instru- 
ments, showing the reading at any particular instant, or recorders, marking the 
current or pressure continuously on a revolving chart, divided up into hours (§ 93). 

For measuring low or medium resistance the ‘ Wheatstone bridge ’ (§ 120) in 
one form or another is ordinarily used, while for very high resistances (especially 
insulation resistances) ohmmeters calibrated to read direct in megohms are 
employed, each instrument having its own magneto-generator for supplying the 
testing current (§ 119). 

For measuring ampere-hours integrating ‘ ampere-hour meters ’ are used, 
having a clock mechanism and a train of dial wheels, in conjunction with current- 
measuring coils (§ 114). Electrolytic meters are also used for this purpose (§§ 28, 
114). 

* Watt-meters * (§ 109) contain a pressure-measuring coil and a current- 
measuring coil, so arranged with regard to one another that the indicating needle 
shows the product in watts. They may either indicate the power at the moment 
or record it continuously on a chart marked out in hours. 

Watt-hour meters (§ 115) integrate the total work and record the result on a 
series of dials. Usually they are calibrated directly in Board of Trade units (kWh). 
The term ‘meter,' as ordinarily used, includes this class of meter, as used to 
measure the value of the electric supply to buildings (§ 270) — corresponding, ex- 
cept for its greater accuracy, to the gas meter — as well as ampere-hour meters 
(§ lid). 

Other instruments used for commercial measurements are dealt with in 
§§ 111-123 inclusive. (See also index.) 

98. Ammeters and Voltmeters. — Since the current flowing 
through a non-inductive resistance is proportional to the P.D. 
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across the latter (§ 17) it follows that any current-measuring 
instrument can also he used to measure voltage. The only dis- 
tinction between the two cases is that a voltage-measuring instru- 
ment for connection between two poles or phases of supply must 
be of high resistance to limit the current flowing and so restrict 
the expenditure of power within the instrument (§94), whilst 
any instrument used to measure the current flow in supply con- 
ductors must be of low resistance in order to reduce the PB 
losses (§ 49) in the instrument if the latter is connected in series 
with the main circuit or in order that it may be operated by a 
I 0 W-P.D., low-loss shunt (§ 107a). The high resistance of the 
voltmeter may be secured by connecting a suitable resistance in 
series with it, the instrument proper being identical with an am- 
meter except as regards the marking of the scale. By varying 
the resistance in series with the instrument, the range may be 
altered (§ 107^?). 

Thus, theoretically, any ammeter can be used as a voltmeter 
and vice versa. In practice, the matter is not quite so simple. 
For permanent installations the instrument must be calibrated to 
read directly in amperes or volts, as the case may be, and might 
as well embody any modifications in construction which render it 
more suitable for the purpose it is to serve. Electrostatic instru- 
ments are not convenient or economical for current measurements 
(§89 iv). Hot wire instruments are generally shunted when 
used for current measurements (§ 99), and a shunted ammeter can 
be designed for the same small operating current which is alone 
economically permissible in a circuit connected across the mains. 
In other words, a shunted hot-wire ammeter may be identical 
with a hot-wire voltmeter, but when used for voltage measure- 
ment it must be connected in series with a suitable resistance 
(see 'Ex. § 107<5). For the same reasons, a shunted moving-coil 
permanent magnet ammeter can be used as a voltmeter without 
change of winding (see Ex, loo. cit ; also § 106). Conditions 
are different where moving iron instruments are concerned. In 
ammeters of this type the main current (up to 500 or 600 A) is 
generally passed through the instrument winding which is there- 
fore- a few turns of thick wire providing, say, 500 ampere-turns 
(§ 42). An equal number of ampere-turns is needed to operate a 
moving-iron voltmeter, but the current being small (to keep the 
power consumption low), the number of turns must be high. By 
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using many turns of fin% wire the requisite ampere-turns are ob- 
tained, but if the instrument is to be used in A.C. circuits, non- 
inductive resistance must still be connected in series with the 
instrument in order that the net inductance of the circuit may be 
low (§§ 44, 100). Thus, for practical reasons, there are consider- 
able differences between the constructions of moving-iron am- 
meters and voltmeters. In a moving-coil ammeter or voltmeter 
there need be only 0*3 to 1 ampere-turn which can be provided 
by the same winding and an equally small current in both cases. 

In A.O. circuits it is generally the RM.S. value of current or 
voltage which is to be measured (§ 29), hence not every type 
of instrument can be used (§ 89). For special purposes crest 
voltage (§§ 30, 105) must be measured, or the complete wave of 
current, or voltage must be traced (§ 118). An ammeter should 
be used in every important circuit; the current consumption 
alone is sulBEicient general indication of power consumption if the 
voltage be constant (as it generally is), and in A.C. circuits, if the 
power factor be reasonably constant (see also §§ 110, 114). The 
use of shunts and instrument transformers is discussed in §§ 107, 
108. 

99. Hot-wire Ammeters and Voltmeters. — The expansion of 
a fine wire due to heat developed by the current to be measured 
(§§ 89 ii, 98) is used to move an indicating pointer. Instead of 
measuring the actual expansion, the sag of the hot-wire (which is 
much greater than the expansion which causes it) is magnified 
by the yet greater sag in a tie wire between a fixed point and the 
centre of the hot wire. The latter is necessarily very fine and is 
easily burnt out; the principal use of the instrument is in the 
test room. Hot-wire instruments are unaffected by stray fields 
and can be used for either D.C. or A.O. of any frequency or 
wave form. The zero is liable to ‘ creep ’ ; temperature errors 
may be serious ; and the P.D. across the instrument or its shunt 
must be at least 0*2 V, i.e. the power loss in a hot-wire ammeter 
is about three times that in a moving-coil instrument (Table 8, 
§ 94). 

The Duddell thermo-ammeter is a combined thermal and 
electromagnetic instrument especially suitable for measuring 
currents from a few amperes down to a few milliamperes at high 
frequencies. The current to be measured is passed through a 
heating element of wire or platinised mica which is mounted below 
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a-bismuth-antimony thermo-couple (§ 122) connected in the circuit 
.of a low resistance moving coil, permanent magnet instrument 
(1 101). This instrument combines independence of wave form 
and frequency with the high sensitivity obtainable by using 
a powerful permanent magnet, whilst avoiding the mechanical 
' difficulties of the ordinary hot-wire instrument {see also § 118). 

100. Moving Iron Ammeters and Voltmeters. — The differ- 
ences between ammeters and voltmeters of this type are noted in 
,' §^.'98. The general principle of both instruments is the same. A 
suitably shaped piece of soft iron is drawn into a coil through 
which is passed the current to be measured ; or the iron may be 
moved from a weaker to a stronger part of the field so produced ; 
or the moving iron may be repelled from a stationary piece of 
iron magnetised by the same field. In any case the moving iron 
is attached to the spindle carrying the pointer, and its movement 
takes place \against the control of a spring or gravity (§ 90). 
According to the shape and disposition of the iron, the variation 
of deflection with current may be altered within wide limits.* 
So long as the iron is unsaturated the flux produced in it varies 
with the current in the magnetising coil (§§ 42, 81), hence the 
deflecting force on the iron (varying with flux x current) is pro- 
portional to the square of the current. The instrument is there- 
fore inherently suitable for A.C. measurements (§ 89 b). Due to 
hysteresis in the iron (§§ 34, 81) there is a tendency for tlio instru- 
ment to read high on descending values. Again, the winding of 
a voltmeter of this type is necessarily inductive (§ 98), and unless 
the inductance can be “ swamped ” by plenty of non-inductive re- 
sistance (§ 44) the impedance of the instrument circuit, and 
therefore the calibration of the instrument, varies with frequency. 
It is claimed for the latest moving iron instruments that the error 
is less than 1 % whether D.C. or AC. of 50 or 100 cycles per sac. 
be used. In the absence of suitable guarantees, moving-iron 
instruments should be calibrated with A.O. of the frequency and 
wave form on which they are to be used. 

The Dransfield 3-phase voltmeter is a moving-iron instru- 
ment with two coils. The latter have one common terminal and 
the other ends of the coils are connected through inductance and 

* If the scale be logarithmic (like that of a slide rule) overloads of 100 % or so 
can be read with suflS.oient accuracy whilst retaining an open scale within the 
normal range. 
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Everett^ EiUjcumhe cO Co., Ltd, 

Working Parts of H.T. Electrostatic Voltivieter. 

The moving vane G is attracted by the fixed vane A, the motion being opposed 
by a spiral spring. The movement is rendered ‘ dead-beat ’ by a pneumatic damper, 
■which has been removed for the sake of clearness. The spindle 1) has needle points 
in hardened cupis at E. The insulated clamping rod G works in conjunction with 
the clamping arms F, and the whole is carried by the insulator B. These voltmeters 
are used direct up to 7 000 V and through series condensers for liigher voltages. 
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EmreU, Edf/mmbe d' Co., Ltd. 


Working Parts op E.H.T. Electrostatic Voltmeter (Abraham Type). 

A movable plate B, within a guard-plate G, is attracted by the fixed plate A, and 
so carries the pointer over the scale, the movement being damped by a pneumatic 
device. The spindle C is supported by ligaments D. The instrument is mounted on 
insulators H ; the terminals are at L and M ; and K is a range clamp and scale. 
These instruments are constmcted for all pressures up to 300 000 Y, and, owing to 
the absence of any solid or liquid dielectric (e.g. oil), the readings are independent 
both of frequency and of wave form. All projections are carefully rounded off so as 
to avoid ‘ brushing.’ 
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resistance respectively to the second and third terminals of the 
instrument. The instrument serves the double function of (a) 
measuring the voltage of a 3-phase system, and (b) indicating in- 
correct connections or phase rotation, or failure of h.t. or l.t. 
fuses in the circuits of the 3-phase instrument transformer (or two 
single-phase transformers) which serves the voltmeter itself and 
also P.F. indicators, watt-meters, etc. Normally the instrument 
indicates the 3-phase voltage, but its scale is marked with lettered 
lines to one or other of which the pointer falls back in event of 
wrong connections or blown h.t. or l.t. fuse in the instrument 
transformer circuit. 

loi. Moving-coil Ammeters and Voltmeters. — There are 
two main types of instruments to be considered under this head- 
ing, viz . : — 

(a) Moving-coil, permanent magnet instruments ; and 

(b) Moving-coil, dynamometer type instruments. 

The two types have many points of similarity but also important 
differences also §§89 iii, 94*). 

(a) Moving-coil^ Permanent Magnet Instruments, commonly 
called ‘moving-coil instruments,’ for brevity, consist essentially of 
a fine wire coil so pivoted that it can swing in the intense magnetic 
field produced in a narrow air gap between a permanent magnet 
and a soft iron core. The latter is commonly cylindrical, and 
coaxial with the spindle of the moving coil which has a small 
clearance between the core inside it and the cylindrically-bored 
pole shoes of the magnet outside it. The permanent magnet and 
core are stationary, and the moving-coil is deflected against the 
control of spiral springs which serve to carry current into the coil. 
The deflecting force is produced by the current-carrying conductors 
of the coil and the magnetic field in the air gap (§ 35, footnote). 
The field in the narrow annular gap is radial and practically uni- 
form, hence the deflecting force is nearly proportional to the current. 
This being so, and the controlling force exerted by the springs 
being nearly proportional to the deflection, it follows that the scale 
is practically uniform in this type of instrument. In the Record 
‘ Cirscale ’ instruments the same principle is employed, but the con- 
struction is modified to increase the scale length. A C-shaped 
magnet is used, and one pole is provided with two circular-plate 
extensions between which projects a single similar plate attached 
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to the other pole. There are thus obtained two narrow air gaps 
between the circular plates, and the moving-coil is pivoted on the 
line of centres of the interleaved pole plates. The central plate is 
' necked ’ so that the moving-coil can turn through 300° or even 
330° 

The moving-coil can accommodate a considerable number of 
turns of fine wire and the field is very strong, hence the instrument 
is highly sensitive and the power consumption is low (§ 94). For 
currents exceeding ^ A or so, ammeters of this type must be 
shunted (§§ 98, 107). Damping is provided by eddy currents 
induced in the aluminium 'former’ on which the coil is wound. 
The direction of the deflecting force reverses with the direction of 
the current, hence these instruments are suitable only for D.C. 
measurements (see, however, vibration galvanometers § 96, ii). 
The intensity of field in the narrow air gap is such that stray fields 
(§ 92, ii) are of negligible effect. When the instrument is used as a 
voltmeter the influence of temperature can be eliminated by making 
the series resistance (§ 98) of manganin or other wire with zero 
temperature coefficient. In the case of the ammeter no appreciable 
' swamping ’ resistance can be used (the shunt P.D. being limited 
to 75 mV, § 107a), and it is inadvisable to use a copper shunt because 
the temperatures of shunt and moving-coil may differ considerably. 
(See also § 118.) 

(b) Moving-coil, dynamometer - type instruments, generally 
called ‘dynamometer instruments,’ differ from the permanent 
magnet type in that the stationary field is produced by a pair of 
coils embracing and connected in series with the moving-coil. The 
field is no longer constant but varies with the current (or voltage) 
measured, hence the deflecting force varies with the square of the 
current and the instrument is equally suitable for D.C. or A.C. 
measurements, provided that there are no constructional parts in 
which eddy currents (§ 39) can be induced. The coils have no 
iron cores, hence the field is relatively weak (§§ 42, 43), and large 
coils must be used to obtain adequate working forces.^ Because 
the working fields are weak, stray fields introduce serious errors 
unless the instrument is built astatically (§ 92, ii). The scale is not 
uniform but, like all square-law scales, crowded at its lower end. 

* This objection is overcome, but at the cost of other difficulties and compli- 
cations, by iron-cored dynamometer-type ammeters, voltmeters, and watt-meters 
(§ 109 ). 
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In ammeters of this type the main current can generally be taken 
through the fixed coils, hut 6 A is about the maximum for the 
moving-coil which is therefore generally shunted. If the whole 
instrument be shunted the field of the fixed coils is reduced un- 
necessarily. In voltmeters the same current flows through both 
windings. Because of the many turns required to obtain suitable 
field strength the pressure drop in dynamometer ammeters is high 
(§ 94). Ammeters and voltmeters of this type are rarely used 
outside laboratories. 

The Kelvin ampere balance, used for cui-rent measurements in 
standardisation tests, has a balance beam carrying a coil at each 
end. These coils lie between pairs of fixed coils and all the coils 
are electrically in series. The connections are such that both sets 
of coils tend to tilt the beam in the same direction and balance is 
restored by adjusting weights. The deflecting force which is thus 
‘ weighed ’ is proportional to the square of the current through the 
coils. 

102. Induction Ammeters and Voltmeters. — These instru- 
ments operate on the principle of the induction motor (Chapter 28). 
The induction-type supply meter (§ 115) is actually a miniature 
induction motor which rotates continuously whilst energy is 
supplied through it. In the ammeter and voltmeter, however, the 
rotation is limited by a control spring, and the torque produces a 
deflection which is proportional to the square of the current or 
voltage measured. 

In one form of these instruments there are two field circuits 
connected in parallel. One branch is highly inductive and the 
other is mainly non-inductive resistance. The net result is to 
produce a rotating field which induces current in and exerts a 
drag on a copper or aluminium disc mounted on the same spindle as 
the pointer. In another form a single winding excites an electro- 
magnet, part of the pole face of which is covered by a copper 
sheath. The alternating flux induces eddy currents (§ 39) in both 
the copper sheath and the copper or aluminium disc on the spindle, 
and the interaction between these eddy currents produces the 
deflecting torque. 

It will be understood that these instruments are applicable only 
to A.C. measurements. In service they are rugged and simple 
(though their complete theory is complex), and they can easily 
be provided with long scales (say 330°). They are admirable 
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for switchboard service, but not for general testing work be- 
cause the torque varies with frequency and wave form. In 
voltmeters the effect of frequency is less marked than in ammeters 
because the change in impedance (§ 44) of the inductive circuit 
of the former compensates to some extent for the change in torque. 
Error due to stray fields is not likely to be serious, but the 
temperature error (§ 92 i) is considerable due to change in resist- 
ance of the parts in which the eddy currents are induced. 

103. Electrostatic Voltmeters. — The force of electrostatic 
attraction between plates or vanes at different potential is pro- 
portional to the square of the P.D. between them, but is so small 
that, for low and medium voltages, the mechanical construction of 
an electrostatic voltmeter must be so delicate that the instrument 
is not suitable for commercial service. With higher voltages, 
however, the operating forces become so great that a relatively 
robust construction can be employed. Also, at such voltages, the 
insulation problem is simpler in electrostatic voltmeters than in 
other types. For low- voltage measurements a number of vanes 
are mounted one below the other on a common spindle and 
attracted by an equal number of pairs of fixed plates or ‘ cells.' 
The P.D. to be measured is connected between the vanes and the 
fixed cells. Since the deflecting force varies with the square of 
the voltage the instrument is equally applicable to DC. and A.O. 
circuits (§ 89 b). The indications are independent of tempera- 
ture, frequency, wave form, and stray magnetic fields, but error 
is introduced by stray electrostatic fields, unless the instrument is 
suitably screened. 

For high-voltage measurements (from 10 000 to 200 000 V) 
the attraction between two parallel plates is sufficient to operate 
the indicating mechanism. One plate consists of a large stationary 
disc, the other of a smaller disc surrounded by a ' guard ring ' 
which is of the same outside diameter as the fixed disc ; the object 
of this arrangement is to secure a uniform field between the 
fixed and moving discs. The range of measurement may be in- 
creased by increasing the distance between the discs. (See also 
§ 107 6*.) If the plates be submerged in oil the range and 
sensitivity are increased, because the operating force increases 
with the specific inductive capacity (§ 46) of the dielectric, and 
the dielectric strength of oil is greater than that of air, hence 

higher voltages may be used or, alternatively, a smaller gap 
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(giving greater sensitivity) may be used for a given voltage. 
For laboratory measurements up to 250 000 V .compressed 
nitrogen (§ 78) at a pressure of 10-12 atmospheres has been 
used as dielectric in electrostatic instruments. In all cases a high 
resistance should be connected in series with the instrument to 
linait the current flow in event of flash-over ; otherwise the in- 
strument may be destroyed before the protective fuses melt. 
Series resistance has no effect on the indication of an electrostatic 
voltmeter, because there is no appreciable current flow (§89 iv). 
The fact that no current flows through these instruments is of 
economic importance where high voltages are concerned, because 
even 10 mA corresponds to 1 kW at 100 000 V (unity P.F.). 

See also current measurement by electrostatic voltmeter 
(§89 iv); charge indicators (§ 104); leakage indicators (Chapter 
40); and electrostatic oscillographs (§ 118). 

104. Electrostatic Charge Indicators. — These are essentially 
electrostatic voltmeters (§ 103) without pointer or scale. The 
moving vane has a red spot or line which is normally hidden, but 
which shows behind a sighting aperture when the indicator is 
applied to a ' live ’ conductor. A calibrated electrostatic volt- 
meter could be used for the purpose (with the advantage of 
actually measuring the P.D. between conductors or between con- 
ductor and earth) , but simple uncalibrated devices can be made 
strong, cheap, and easily portable. For use in detecting live 
wires, want of continuity, leakage, etc., in D.O. or A.C. systems at 
from 80 to 700 V between conductors or to earth, there is on the 
market a device about the size and shape of a lead pencil. A 
metal point and casing at opposite ends of the device are connected 
respectively (in series with a high internal resistance) to a fixed 
electrode and an adjacent flexible vane; the latter is attracted 
and shows a warning signal when there is a P.D. between the 
terminals. For high-voltage circuits a testing point connected to 
a combination of fixed and moving vanes (mounted on an insulat- 
ing handle) is brought into contact with the conductor to be 
tested ; if the latter be live the vanes are charged similarly and 
the moving vane is repelled. Another device depends upon the 
attraction of a balanced vane by a live high-voltage conductor ; 
this device can be used without making electrical contact with 
the conductor. Yet another detector, depending on a different 
principle (static sparking) is described in El. Rev., Vol. 90, p. 752. 
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105. Spark Gap Voltmeters. — There is a definite relation 
between any voltage and the length of spark gap which it will 
break-down. Hence, if a long gap be reduced until the first spark 
passes the value of the voltage can be read from a calibration 
table (§ 78) or curve, or a pointer moving with the adjustable 
electrode may indicate the voltage on a graduated scale. The 
break-down depends upon the maximum value of the voltage 
(§§ 30, .72) — ^hence the name ' crest voltmeters ’ — but if the wave 
form be sinusoidal or of other known form the instrument can be 
calibrated in RM.S. values. For insulation tests (§ 30) and in 
X-ray work, however, it is the peak value of the voltage wave 
which is to be measured. The use of spark gap voltmeters is 
limited to high pressures (say over 10 kV) ; D.O. or A.C. pres- 
sures can be measured, but the calibration is different in the two 
cases. 

Air is generally used as dielectric between the electrodes 
because it is self-repairing and is of lower dielectric strength than 
oil {i,e, greater sensitivity is obtained, the gap for given P.D. 
being greater). Ionisation of air, produced by sparking or by an 
electric arc, reduces the dielectric strength, hence a spark gap volt- 
meter must not be used near an arc lamp, and the gap length 
across which the first spark passes must be taken as determining 
the voltage. Up to 30 000 V needle electrodes should be used 
(these given greater gap lengths for given voltage), but for higher 
pressure spherical electrodes give results which are less affected 
by frequency, wave form, and atmospheric conditions. The 
diameter of the spheres must be large enough to prevent corona 
or brush discharge preceding the spark, otherwise the air is ionised 
and the relation between gap length and voltage becomes quite 
erratic. A table of R.M.S. voltages from 10 to 400 kV and corre- 
sponding gap lengths between spheres from 62*5 mm. to 500 
mm. diameter is given, together with particulars of corrections 
required, in B.E.S.A. Report No. 137. 

Crest voltages can be determined, often more conveniently 
and generally with at least equal accuracy, by an oscillograph or 
by the point-by-point method (§ 118). 

106. Testing Sets. — There are a number of useful portable 
testing sets on the market which are both accurate and handy. 
They may be used either for checking other instruments or for 
making measurements where no others are provided. Typical 
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sets have two moving-coil millivoltmeters (§ 101), generally read- 
ing from zero to 150, the scale reading being multiplied by one 
or other of several factors according to the range employed. This 
type of instrument is suitable only for D.C. measurements. A 
single moving-coil instrument can be used for both pressure and 
current measurements (§ 98), but it is more convenient to have 
two instruments as this simplifies connections and makes possible 
simultaneous readings of pressure and current, and thus calcula- 
tion of D.C. power (§§ 50, 54). 

For volt measurements the case contains a subdivided resist- 
ance coil (§ 95), of about 60 000 O resistance, which can be 
connected across the pressure to be measured. There is a positive 
terminal V + attached to one end of the coil, and negative 
terminals V - , forl'5,15, 150, and 600 V, respectively, attached 
to suitable points on the resistance coil, so that the pressure can 
be read ofi‘ directly. 

For current measurements, standard resistances (§§ 20, 95) are 
connected in series into the circuit {not across it) and the drop in 
pressure across the resistance is actually measured, as explained 
in § 95; the usual ranges are 1-5, 15, 150, and 600 A, and the 
instrument reads directly in amperes in the three lower ranges. 
The flexible connecting leads supplied with these instruments, or 
others of exactly the same resistance, must be used for current 
measurements ; otherwise the readings will be incorrect. 

Resistance measurements can sometimes be made conveniently 
by noting corresponding values of P.D. and current (§ 119); in 
other cases the testing set includes a wheatstone bridge (§ 120). 

Similar testing sets with hot wire or electrostatic instruments 
could be used for D.C. or A.O. measurements, but these instru- 
ments are not suitable for portable service (§ § 99, 103). Methods 
of measuring AC. power are described in §§ 109, 110. 

107. Extending* the Range of Instruments : Shunts and 
Potential Dividers. — The current which can safely be passed 
through an ammeter of other than the moving iron type (§ 100) 
is generally limited to a few amperes and sometimes to a fraction 
of 1 A. Much heavier currents (up to, say, 20 000 A) can be 
measured by passing through the instrument a definite fraction 
of the total current ; this fraction is obtained by a shunt, or, in 
the case of A.C., by a current transformer (§ 108). The scale is 
calibrated in main-current values, unless the instrument is to be 
VOL. I. 129 9 
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used with different shunts in which case the indication must 
always he multiplied by the appropriate factor. 

Similarly, the range of a voltmeter can be extended almost 
indefinitely by applying to the instrument a definite fraction of 
the total P-D. (obtained by a volt box, § 95, or a potential trans- 
former, § 108), or by connecting a suitable resistance in series 
with the instrument. Condensers can be used 
with electrostatic instruments as explained 
below. 

(a) Shunts . — Referring to Fig. 14, if an 
ammeter of resistance O be connected, by 
two leads each of resistance H, to the 
terminals of a ‘ shunt ’ of resistance s XI, 
the pressure drop in the instrument circuit 
equals that in the shunt. Denoting the 
total resistance of the instrument circuit by i2 = 2ri + r^, we 
have: Pressure drop in instrument circuit = I'lR (§ 24) = I^s 
(the pressure drop in the shunt). Therefore I — LiR / s. The 
' multiplying power' of the shunt (= main current / instrument 







'li 



T) 


Fig. 14. — Shunted 
ammeter. 
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the instrument (including its leads). 

In order that the multiplying power of the shunt may not 
vary E and s must be constant or they must vary always in the 
same ratio. If both branches consisted only of copper, the ratio 
E / s would be constant if the temperature of shunt and instru- 
ment were always the same ; this cannot be guaranteed, hence it 
is usual to make the shunt of manganin and to ‘ swamp ’ the 
instrument circuit by using as much manganin as 
possible in this branch (§§ 92 i, 98). 

The actual resistance, s, of the shunt should be low in order 
that the energy dissipated in it (Ps watts, § 49) may be low. 
The pressure drop, I,s, must, however, be sufficient to operate the 
instrument satisfactorily, and British Standard values for this 
drop (at rated current) are : 0- 075 V for first- and second-grade 
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indicating instruments (§ 92); 0*2 V for recording instruments ; 
and either 0* 000 5 or 0* 001 V per scale division for indicating 
sub-standard instruments, of the moving-coil, permanent magnet 
type (§ 101 a) in each case. For instruments of other types the 
P.D. across the shunt at rated current may not exceed 1 V. The 
total resistance of the leads in series with the instrument across 
the shunt should not exceed 0*05 D for portable instruments and 
0* 025 sQ for switchboard instruments at 20^" 0. The material 
and construction of the shunt and instrument leads should be 
such that alteration in instrument indication, due to thermo- 
electric E.M.F. (§§ 122 h, 129) does not exceed 0*25 7o* 
temperature rise of a shunt when carrying rated current for 2 hrs. 
should not exceed 80° C. Best ventilation for laminated shunts 
is generally obtained by mounting with the terminals in line 
horizontally and the plane of the plates vertical. {See also 
B.E.S.A. Reports 89 and 90; and ^ Multiple-Unit Shunts for the 
Measurement of Very Heavy Currents,' by M. B. Field, Jour. 
lE.E., Vol. 58, p. 661.) 

(&) Magnetic Shunts are used in some supply meters and in 
some moving-coil indicating instruments as a means of adjusting 
the active magnetic field and so providing for fine adjustment of 
the ‘ law ' of the instrument. A piece of soft iron of relatively 
small section bridges the main air gap more or less completely, and 
thus provides a shunt path for some of the magnetic flux. 

{c) Potential Dividers. — (i) Volt Box . — The principle of the 
' volt box ' has already been explained in § 95. As there noted, 
the uniform potential gradient in a uniform, non-inductive resist- 
ance connected across the voltage to be measured, is not disturbed 
if an electrostatic instrument be connected across part of the 
resistance ; neither is the gradient disturbed appreciably if an 
instrument be used which is of very high resistance, compared 
with the section of the volt box across which it is connected. In 
any case the total resistance of the volt box must be high other- 
wise the power consumption therein becomes excessive. This 
method of extending the range of a voltmeter is applicable to 
both D.C. and A.O. instruments, but in practice series resistance 
(see {d) below) is generally used for D.C. voltmeters and potential 
transformers (§ 108) for A.C. instruments. 

(ii) Oondensers . — The i^ange of an electrostatic voltmeter 
(§ 103) can be extended by connecting a condenser in series with 
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the instrument. The P.D. applied to two condenBcrB conneeted 
in series is divided between tliese in inverse proportion to the 
capacities of the condensers; hence if the P.D. across an electro- 
static instrument is to be made a small fraction of the total PJ). 
the instrument must be connected in series with a condensm* tlici 
capacity of which is much smaller than that of the electrostatic 
instrument. This is a matter of practical difficulty, becauBo the 
capacity of the instrument is very small and clianges with the 
position of the vanes. An alternativ(i method is to connect 
several relatively large condensers in series across the mains and 
to connect the electrostatic instrument in parallel with one of 
these. This arrangement is the electrostatic equivalent of the 
volt box and the small capacity of the instrument does not affect 
appreciably the potential gradient in the chain of condensers 
across part of which it is connected. Even thcj smallest h^akage 
currents make the readings vary with frciquency. 

(d) Series Besistance . — As explained in § 98, any ammeter 
can — subject to certain practical considerations— be used as a 
voltmeter by connecting a suitiiblo resistance in series with it. 
The range of the instrument can be increasc^d by increasing the 
series resistance. 

Example . — Suppose that, in Fig. 14, 0'025 a and 1*5 n, and that 

the instrument gives full scale deflection when the shunt P.D. -a 0* 075 V, Then : 
Current through instrument for full scale deflection 0' 075 / (2 x *025 + P5) 

0* 076 / 1*55 = 0* 048 5 A. If this instrument is to be used as a voltmeter mimstir* 
ing up to V volts it must bo connected in Harias with a resktanco R such tlml 
V I {E + 1-5) = 0* 048 5. If t; « 220 V, wo have ; 220 / (B 4- 1*6) 0* 048 5; whmim 

i? = 4 534*6 n. 

An ammeter of resistance r £1 reading i amperes per «mle 
division will read IV per scale division when connected in series 
with a resistance iZ =» (1 - ir) f i £1. 

Hot wire, moving iron, and moving-coil voltmeters (§§ 99 - 101 ) 
are operated by a current which is proportional to the voltage to be 
measured. The full scale deflection corres|)onds to a particular 
value of this current, and in order to extend the voltage range it 
is only necessary to connect in series with the instrument such a 
non-inductive resistance that the higher voltage sends the full- 
scale current through the combined riisistance of the instrunrient 
and series resistance. The range of the voltmeter is multiplied 
by n if the instrument be used in series with a resigtanco 
= (n - 1) times its own resistance. 
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Electrostatic voltmeters, however, depend upon the potential 
of the vanes (§ 103), and this is unaffected by series resistance,^ 
hence the range of these instruments cannot be increased by 
series resistance [see, however, § c (ii) above). 

io8. Instrument (Potential and Current) Transformers. — 
Instrument transformers are used with A.C. indicating, recording, 
and integrating measuring instruments and with relays and 
automatic devices of various descriptions when the main current 
is too heavy and/or the main pressure too high to allow direct 
connection between the instrument, etc., and the main circuit. 
They are applicable only to A.C. circuits. The transformer wind- 
ings are electrically distinct (auto-transformers (Chap. 17) may 
not be used), the primary being connected with the main circuit 
and the secondary with the instrument, etc. Instruments used 
with current or potential transformers should be calibrated with 
them, the scale being marked to show the main circuit values of 
current, voltage, power, etc. The use of these transformers per- 
mits instruments to be lighter in mechanical construction and 
electrical insulation than would otherwise be possible ; accuracy 
and safety are enhanced, and a standard type of instrument can 
be used for measurements over a very wide range. About 600 A 
and 760 V are the extreme limits for direct-connected ammeters 
and voltmeters (excepting electrostatic instruments, § 103). By 
the use of instrument transformers high voltage is excluded from 
the instrument circuits, f and the main current (and its field and 
eddy currents induced thereby) is kept away from the instrument. 
For example, a low-pressure wattmeter can be used with current 
and potential transformers to measure power in a high-voltage 
circuit. 

In current transformers a low-resistance primary winding of 
one or a few turns is connected in series with the main circuit, 


* There being no current flow, there is no pressure drop in the series resist- 
ance. 

+ If the main circuit is at high potential, the insulation problem is transferred 
from the instrument to the instrument transformer where it is more easily dealt 
with but still remains of vital importance. By earthing the secondary circuit 
danger of shock is eliminated, but serious interruption of service may result 
if the transformer insulation fails. The insulation difficulty is particularly 
great in potential transformers the primary winding of which, consisting of many 
turns of fine wire, is subjected to the full P.D. between phases. Potential trans- 
formers constitute one of the weakest features in a modern h.t. installation. 
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and a secondary winding with a greater number of turns supplies 
a correspondingly reduced current to the instrument circuit. 
The secondary may be threaded directly on to hhe main circuit 
conductor itself which then forms, in effect, a single turn^primaiy. 
If the secondary circuit is to be opened whilst the main current 
is flowing, the secondary terminals of the transforuier should first 
be short-circuited, otherwise a dangerous P.D. will be produced 
between them when the circuit is opened. 

Potential transformers are step-down transformers, the 
secondary winding consisting of a few turns whilst the primary 
is a high-resistance winding of many turns connected between 
the main-circuit conductors. 

Subject to a correction allowing for the fact that not all the 
magnetic flux produced by the primary winding passes through 
the secondary winding (§ 35), the ratio of an instrument trans- 
former is the ratio of the number of primary to secondary turns. 
The question of magnetic leakage is, however, covered by stating 
the corresponding values of primary and secondary current or 
pressure as the case may be. Thus a. 5 000 / 5 current transformer 
is one rated for 5 000 A primary, and 5 A secondary current ; and 
a 6 600 / 110 potential transformer is one which yields 110 V 
secondary voltage when connected to 6 600 V supply. This 
actual ratio of the transformer is obviously what concerns the 
user. 

For simple current or voltage measurements, accurate and 
constant ratio is all that is required from the instrument trans- 
former, but if power or energy measurements are to be made by 
a wattmeter or watt-hour meter employing current or potential 
transformers (or both), it is essential that the phase relation be- 
tween current and pressure in the instrument circuits be the same 
as that between the main current and pressure. This condition 
is fulfilled only if the secondary current (or pressure) of the in- 
strument transformer be in exact phase opposition to the primary 
current (or pressure). The amount by which the two currents 
(or pressures) are not in exact anti-phase is termed the phase 
error of the transformer. In general, this error increases as the 
P.F. of the main circuit decreases, and increases also as the load 
on the secondary of the transformer increases. For this and 
other reasons, the advice of the maker should be sought before 
connecting a number of instruments, etc., to one transformer. 
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For current or voltage measurements the ratio error of the 
transformer is alone important ; for power factor measurements 
ratio error is unimportant hut phase error is serious ; for power or 
energy measurements both ratio and phase errors are important, 
accurate ratio being of principal importance when the P.F. of the 
load is high, and accurate phase being more important when the 
P.F of the load is low. 

British. Standard current transformers (B.E.S.A. Report No. 81) are wound 
to give 5 A secondary current with rated primary current, there being 23 standard 
ratios from 5 / 5 to 5 000 / 5 A. The two standard sizes of current transformers 
have rated outputs of 15 VA and 40 YA respectively at 50 cycles per sec. At 
these outputs the maximum permissible ratio error is ± 1 and phase error 2° 
when the primary current is not less than one-fifth the rated value.* When 
selecting a current transformer one should be chosen with a primary current 
rating high enough to avoid destruction of the primary winding before the circuit 
is opened in event of short circuit, but not so high as to reduce abnormally the 
accuracy of measurement on normal loads. 

In British Standard potential transformers the secondary pressure is 110 V 
when rated voltage is applied to the primary, and there are 12 standard ratios 
ranging from 110 / 110 to 33 000 / 110 V. The three standard sizes have rated out- 
puts of 15, 50, and 200 YA per phase. At 110 Y and approximately unity P.E. 
in the secondary circuit the maximum permissible ratio error is 1 °/o and phase 
error at rated or lower output. {See also Report, loc. cit) 

Additional notes on instrument transformers are given in 

§384. 

109. Wattmeters. — The majority of wattmeters are dynamo- 
meter-type instruments (§ 101 b). The main current (or a definite 
fraction thereof obtained by shunt or current transformer, §§ 107, 
108) is passed through the stationary coil which is of low resistance, 
and the main voltage (or a fraction thereof) is applied to the moving 
coil circuit which is of high resistance. The deflection of the in- 
strument, against the torque of the control spring, varies with the 
product current x voltage, i.e. Watts (§ 48). In order to appreci- 
ate that an instrament of this type can be used also to measure 
A.O. power, and to understand tlie conditions which must be ful- 
filled when so doing, it is necessary to consider tlie basic formulae 
relating to A.C. power. Tliis is done in § 110, and from the results 
there obtained it will be seen that, since a dynamometer-type watt- 
meter measures the moan product of pressure by current, and takes 
into account phase difference between the two, it is suitable in 

* The phase error is likely to exceed 2'’’ in single-turn primary transformers 
unless the primary current is at least 800 A or 1 200 A for the 15 YA or 40 VA 
transformer respectively. 
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principle for measuring A.O. power at any freqti-oiic 
factor. Actually, however, the inductance o£ . 

causes the current in this coil (and therefore tho 
lag behind the applied voltage. From this ca^u-so the 
between the fields of the wattmeter coils is less tliaii 1 
the main pressure and current,* and the instrument t 
read 'high.’ On the other hand, eddy currents in< 
fixed (current) coil cause its field to lag behind the ii 
thus increasing the phase difference between the two 
instrument. The two sources of error compensate 
some extent, but the extent to which this occurs <le| 
characteristics of the instrument and on the main cir( 
the inductance of the pressure coil be high the cui'rtinl 
will be lower than it is assumed to be, and if instm 
formers be used their ratio and phase errors (§ 
errors in power measurement. Complete investijga 
accuracy of AC. power measurements is thus a coini)! 
and the risk of error is particularly great if the P. F. 
measured be lower than 0*5. The reading of an AXJ 
can be checked by determining the power from the 
El cos <j> (or the corresponding expression for 3 -phase pc 
the values of E and I being obtained by voltmeter aii 
and of cos ^ by power-factor meter (§ 111). T 
generally gives more accurate results than the watti 
P.F. of the load be low. 


The Duddell-Mather wattmeter is a dynamoincd 
strument designed for precision measurements. It 
features are : (1) The elimination of all unnecessfii: 
prevent the induction of eddy currents. (2) For th<i h 
the fixed coils are composed of insulated strands of 
these can be connected in various ways to alter th© r 
instrument. (3) There are two pairs of fixed coils arK 
of moving coils arranged astatically (§ 92 ii). (4) R< 
taken by observing on the ‘ torsion head ’ the rota< 
control spring required to bring the moving system I 
zero line. This instrument is equally suitable for 1). 
A.C. of any frequency up to 350 cycles per sec. It can 


* Assuming that the main-circuit current lags belli nd tlie vo 
main current be leading with regard to its voltage, inductance in 
coil of the wattmeter tends to make he instrument read ‘ low.’' 

t 0/2 
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measure A.C. power at very low P.F., e,g. the dielectric loss in 
cables the P.F. of which is about 0'02 (§ 312). 

The remarks made in § 101 h concerning the weak field of 
djmamometer-type ammeters and voltmeters apply also to watt- 
meters of this type. If the coils be provided with iron cores, the 
fields are greatly increased (§ 43) and greater working forces can 
be obtained This is particularly desirable where recording in- 
struments (§ 93) are concerned. The use of iron cores in D.C. 
wattmeters is subject only to the objection that hysteresis errors 
are introduced (§§ 34, 100), but in A.C. wattmeters the eiTors of 
the ordinary air-core dynamometer wattmeter — particularly the 
phase errors — would be prohibitive if the coils were simply pro- 
vided with iron cores. Specially arranged iron-cored wattmeters 
have been devised by Drysdale, Sumpner, and others for use on 
AC. circuits.'®’^ 

Induction wattmeters can be used only for A.C. power 
measurements. The principle employed by these instruments is 
identical with that of induction ammeters and voltmeters (§ 102), 
except that the torque on the disc is produced by two electro- 
magnets, one excited by the main-circuit current (or a fraction 
thereof) and the other by the main-circuit voltage. The torque on 
the disc varies with the power to be measured and is opposed by 
a controlling spring. These instruments are very suitable for use 
on switchboards. 

The measurement of ‘wattless power ' is discussed in §§ 110, 
116. 

no. Power and Energy Measurement in A.C. Circuits.— 

As explained in § 29, the average value of an alternating current 
or pressure is zero, and the effective value of the wave is the root 
mean square (R.M.S.) ordinate. The instantaneous power in a 
single-phase A.C. circuit equals the product of the corresponding 
instantaneous values of pressure and current, and if the pressure 
and current waves are not in phase the power curve is an alter- 
nating wave (§ 56). Whereas a negative (reversed) current is 
exactly equivalent to a positive current as regards heating (§ 29), 
a negative value of instantaneous power means that power is being 
returned to the supply circuit. It is therefore the average (and- 
not the R.M.S.) value of the power wave which is the measure of 

* For details see Industrial Electrical Measuring Instruments by Bdgcumbe, 
pp. 219 et seq. 
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its effective value. It can be shown that the average value of the 
power is given by — • 

(i) Single-phase Circuits — 

Average Power = RM.S. Volts x R.M.S. Amperes x Powder 
factor 

i.e. W = El cos 4>. 

(ii) Three-phase Circuits (if symmetrical and balanced) — 
Average Power = ^3 x RM.S. Volts between phases x RM.S. 

Amperes per phase x Power factor. 
i,e, EZ cos (f). 

In a dynamometer type wattmeter (§ 109) the torque on the 
moving system is at every moment proportional to the instan- 
taneous value of the power and may be negative during part of 
the cycle. The inertia of the moving system causes it to take up 
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Jo 
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9, 
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Fig. 15. — D.O, or single-phase 
A.C. wattmeter. 


Fig. 16- — ^Measuring 3-phase power (balanced 
or unbalanced load) in 3-phase, 3-wire 
circuit by two wattmeters. 


the position corresponding to the mean value of the torque and 
thus to indicate the average power. 

A.C, Wattmeter Connections, — The connections for a single- 
phase wattmeter are identical with those for a D.O. wattmeter. 
The common terminal of the pressure and current coils should be 
on the supply side {see Fig. 15). The power indicated is then 
greater than that supplied to the load by the amount of power 
expended in the current coil, but this is of little practical impor- 
tance. If the pressure coil were connected on the load side of the 
current coil the power indicated would be greater than actually 
supplied to the load by the amount of power expended in the 
pressure coil. This again is of little importance in commercial 
power measurements, but if a watt-hour meter be connected in 
this way, it will record continuously the energy consumption of 
the pressure circuit ; there is necessarily an expenditure of energy 
in the pressure circuit so long as the instrument is connected to 
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the supply, but this is not charged to the consumer if the meter 
be connected as in Fig. 15 because the current for the pressure 
coil does not then pass through the current coil. 

Alternative methods of measuring ?^-phase poioer are re- 
presented in Figs. 16-18, the conditions applying to each being 
stated below the diagrams ; these methods are applicable also to 
watt-hour meters (§115). The two-wattmeter method is applicable 
to balanced or unbalanced loads in 3-phase, 3-wire circuits. The 
current coils of two wattmeters are connected in two of the phase 
conductors (directly or through shunts or instrument transformers, 
§§ 107, 108), and the pressure coils are connected between these 
phases and the third phase. The total power supplied to the load 
is the algebraic sum of the readings of the two wattmeters. If 
the readings of the two instruments be Wi and W<i watts, the 



Fig. 17. — Measuring 3-phase power Fig. 18. — Measuring 3-phase power 

(balanced load) in S-phase, 3-wire (balanced load) in 3-phase, d-wire 
circuit by one wattmeter. circuit by two wattmeters. 


ratio of these readings is m = Wif and the P.F. (cos cf)} of 
the load may he calculated from the expression — 

, m + 1 

cos — 2 qn + 1 ) 

This formula holds good only if the load be balanced, but the two- 
wattmeter method of measuring power is applicable whether the 
load be balanced or not, and whatever the power factor. An- 
other form of the same expression is — 

tan (/) = Jh (TUi - W^)I(W^ + Wl\ 

If tan ^ be calculated from this formula, the corresponding value 
of cos is most easily found by reference to trigonometrical 
tables. 

If the power factor be less than 0*5 one wattmetel: will re- 
verse and its connections must be interchanged in order to obtain 
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a positive reading; the difference between the reiiclingH of the 
two instruments is then the power supplied to the load. 

Instead of using two independent wattnieterH, two wattmeter 
elements may be mounted on a common spixidle, llui rcHultant 
deflection is then the algebraic sum ol Wi and It ^ provideil that 
the connections are correct. Where a two-element wiittmistor oi 
watt-hour meter is used it is, of course, impoHsibh? to determine 
the power factor from the readings of the instniineni,*^ 

lus^halanced S-phase system the power (or energy ) ean l>e 
measured by a single wattmeter (or watt»hour meter) l>y conniad- 
ing the current coil in one phase and the i)reHHure coil between 
that phase and the neutral. This measures tht^ power iii one 
phase, and the total power is three times as great. If the ncnitriil 
is not available an ' artificial neutral' can 1x5 obtained hy eonniMst- 
ing two resistances of suitable value as in Fig. 17 ; tlie relation 
between these resistances and the impedance of the presstire coil 
must be such that 0 is the true neutral point. Alternatively, the 
current coil may be excited by cun*ent transformerH in two phaBi^s 
connected differentially, the pressure coil bfdng connected a<!rr>SH 
these two phases. 

The power in a Z-'phase, 4i-wire circuit must l>e measurittl by 
three wattmeters if the load be unhalancMi, eacli instnirrient 
having its current coil in one phase conductcir ami ito preHsiire 
coil between that phase and neutral. If, liowever, thi5 load \m 
balanced the connections shown in Fig, 18 may be uscci This 
arrangement resembles the 2-wattmet(5r method (Fig. 16), but 
the two pressure coils are connected to the neutral, and each of 
the current coils is opposed by a current coil eonniX5ted in the 
phase which has no pressure coil 

Wattless Component. — The difference between apparent |Kiwer 
(VA) and true power (W) in any A.C. circuit i« often called 
‘ wattless power. ’ This term, though descriptivft, is eontmdickiry, 
and it is better to refer to the quantity in question imi the watfclcw 
component, idle component, or reactive com{x>nent of tliii ap|»rent 
power. The value of the wattless component is tha vector 


* Where two se;pa/rate watt-hour meterg are used to mmmm tliii m%fgf con* 
sumption of a balanced load it is possible to caloulate the by the formula 
given above, or, if one of the instruments fails to register, It ii poiilble tooafoulftfc« 
what its record should be from the reading of the other meter pro? idod that tli« 
average P.F. is known. 
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difference between IE (the apparent power) and IE cos (j> (the 
true power); its value is IE sin cf) and, just as cos ^ is termed the 
'power factor’ (§ 56), so may sin be termed the 'idle-power 
factor ’ or the ‘ reactance (or condensance) factor. ’ The impor- 
tance of the wattless component of total power is explained in 
Chapter 5. Methods of measuring it are : — 

(i) By ammeter, voltmeter, and P.P. meter, the value of sin 
corresponding to the measured cos <j> being found from trigono- 
metrical tables, and the value of El sin <p being then found by 
multiplication. 

(ii) A dynamomefcer-type wattmeter (§ 109), connected with 
its pressure and current coils 90° out of phase, measures the pro- 
duct El sin <j>. With a centre-zero scale the instrument shows 
whether the wattless component is lagging or leading. Similarly, 
an induction wattmeter can be reconnected to indicate El sin 0. 
(See also § 116 iv.) 

III. Power Factor Indicators or Phase Meters. — The 

power factor of a single phase A.C. circuit is the cosine of the angle 
of phase difference between the pressure and current waves (§ 66), 
and equals the ratio of true power to volt-amperes (apparent 
power) in the circuit. The same definition is applicable to the P.F. 
of a 3-phase system in which the phase voltages are equal and the 
loads balanced In the case of an unbalanced S-phase system the 
P.F. may be different in the several phases and the definition and 
determination of the mean P.F. becomes a matter of difficulty. 
For most practical purposes it is sufficient to take as the P.F. of an 
unbalanced 3-phase system the value indicated by a 3-phase power 
factor meter or the value calculated from the ratio : True power 
/ Volt-amperes.* 

The numerical value of the power factor is the same whether 
the current lags or leads with regard to the line voltage by a given 
angle (f), but lagging current has a^much worse eflect on regulation 
than leading current. On ordinary commercial circuits the load 
current almost invariably lags, but this can be compensated by 
various means (see Chapter 5) so as to improve the mean P.F. of 
the system. 

In order that constant watch may be kept upon this important 

^ Where wattless-component meters (§ 116) are used, this ratio may be cal- 
culated from : Mean P.F. = W / + X'q, where W « reading of watt-hour 

meter, and X « reading of wattless-oomponcnt meter. 
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operating characteristic it is necessary that power factor indicators 
should be employed. It would be tedious and inefficient always to 
calculate the P.F. from the readings of ammeter, voltmeter, and 
wattmeter (§§ 56, 109) or from the readings of two wattmeters 
(§ 110), though both of these methods are occasionally useful. 
(See also § 91.) 

The principle generally employed in power factor indicators is 
that of using two magnetic fields, respectively in phase with the 
main current and voltage, to determine the position of a moving 
system the spindle of which carries a pointer moving over a scale 
calibrated in values of cos (f>. 

The operation of the Everett-Edgcumbe single-phase P.F, 
indicator may be explained by reference to Fig. 19. The fixed 
coil I is traversed by the main current (or fed by current trans- 
former, § 108). The moving system, 
which has no control (§ 90), consists 
of two coils AB mounted at right 
angles on the spindle which caiTies 
the pointer P. The coil A is in series 
with resistance P, and B is in series 
with a condenser G ; an inductance 
may be used instead of the condenser, 
but it is not then possible to get so 
nearly 90° phase difference between 
the currents in the two coils. When 
the P.F. of the main circuit is unity the current I is in phase 
with that in A, therefore this coil lies parallel to the coils /. At 
zero power factor in the main circuit, the current I is in phase 
(or 180° out of phase) with the current in B which leads 90° with 
regard to the voltage P, hence the coil B sets itself parallel to the 
coils //, the pointer being then horizontal and pointing to the left 
if the main current be lagging, and to the right if the main cur- 
rent be leading. For intermediate values of P.F. the pointer takes 
up a position intermediate between these extremes. At unity and 
zero power factor the position of the pointer is independent of 
frequency, but the division of current between A and B varies with 
frequency, hence the reading at intermediate values of power factor 
is affected by frequency and this instrument must be calibrated for 
the frequency on which it is to be used. 

For S-phase systems two different instruments are used ac- 



Fig. 19. — Single-phase power 
factor meter. 
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cording to whether the load is balanced or unbalanced;^ the 
general principle of operation is, however, the same as already de- 
scribed. The instrument for use on balanced 3-phase systems em- 
bodies a fixed coil, carrying the main or transformed current of 
one phase, and three pressure coils attached to a pivoted spindle 
which carries the pointer. Each of the three coils has one end 
connected thi^ough a resistance to one of the phases, the other ends 
being joined up together to form a neutral point. Thi’ee-phase 
currents flowing in these coils induce a rotating field, and the 
system will set itself in such a position that, at the moment the 
current in the fixed coil reaches its maximum value, the field due 
to the moving system lies along its axis. In the instrument for 
unbalanced 3-phase loads, three fixed coils are employed, one on 
each phase ; the moving system then takes up a position correspond- 
ing with the average power factor of the main circuit, while each 
phase can, if desired, be separately tested by means of a short- 
circuiting plug. Both the ' balanced ’ and the ‘ unbalanced ' 3-phase 
RF. indicators are unaffected by changes in voltage, temperature, 
frequency or wave form. 

The Nalder-Lipman moving-iron power factor indicator for 
single phase and for polyphase balanced or unbalanced loads is 
characterised by the fact that the moving system consists only 
of thin iron vanes carried by a spindle which is built up of 
magnetic and non-magnetic portions. Two sets of fixed coils are 
employed, viz, the ' field ’ coils energised by the line currents, and 
the 'magnetising’ coils energised by the line voltage (through 
transformers in both cases if the load exceeds 30 A at 650 V). 
The ' field ’ (current) coils are placed with their axes parallel to 
each other and in separate planes. The iron vanes lie in these 
planes and are set at angles corresponding to the phase displace- 
ment of the currents in the phases of the main circuit (90° and 
120° for the 2-phase and 3-phase instruments respectively). The 


* The requirements for measuring the P.P. of a polyphase system are as 
follows : — 


Coils required 
With Balanced Load. 


Coils required 
With Unbalanced 
Load. 


For a 2-phase or 4-phase (Either 2 current and 1 pressure 
circuit . . . . \ or 1 current and 2 pressure. 

„ , . . r Either 3 current and 1 pressure 

For a 3-phaae circuit . ^rl current and 3 pressure. 

-I >40 


■12 current and 2 
J pressure. 

VS current and 3 
J pressure. 
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‘ magiiBtisiiig ’ (pressure) coils naagiietise the corresponding vanes 
of the moving system periodically and in correct sequence, and 
the vanes are subject to the directive pulsating magnetic forces 
produced by the afield’ coils. For every value of main circuit 
P.F. there is a position of the moving system in which the latter 
is in equilibrium ; this position is indicated by the pointer and 
forms a measure of the power factor. The readings are unaffected 
by changes in current, pressure, or temperature and, over a wide 
range, by changes in frequency or wave form. Since no current 
has to be carried into the moving system, the latter is quite free 
from control and the scale is a complete circle (360°). Leading 
and lagging power factors are indicated respectively in the right- 
and left-hand quadrants of the upper semi-circle and in the 
diametrically opposite quadrants of the lower semi-circle. The 
direction of current flow determines in which of two opposite 
quadrants the pointer stands for any particular P.F. The con- 
nections are such that the pointer is in the upper semi-circle when 
the power flow is forward, i.e, from generator to line. In inter- 
connecting or ' tie ’ lines the power flow may be in either 
direction. 

Yalues of P.F. commonly found in practice are given in § 167. 

Phase rotation indicators are discussed, together with syn- 
chroscopes, in connection with the paralleling of generators 
(§§ 148, 149). 

II2. Frequency Meters. — One method of determining the 
frequency of an A.O. supply is to use the alternations of the 
latter to set in vibration a number of metal reeds of known and 
graduated natural frequencies ; that reed, the mechanical fre- 
quency of which corresponds to the frequency of the A.C. supply, 
is set into vigorous, resonant vibration and thus indicates the 
frequency in question. A number of other frequency meters 
utilise in one way or another the fact that the reactance of an 
inductance (§ 44) or the condensance of a capacity (§ 46) varies 
with the frequency of the current passing through them ; this 
characteristic, which makes the accuracy of some instruments 
dependent upon constant frequency (e.g, the single-phase P.F. 
indicator. Fig. 19, § 111) can be used as a measure of frequency. 
The associated principle of electrical resonance (§ 47) is also em- 
ployed. 

For testing purposes a frequency meter may a wide 
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range of measurement (say from 15 to 100 cycles per sec. for 
commercial supplies), but under working conditions the periodicity 
of any particular A.C. supply varies hut little, and an open scale 
with a range of a few cycles per sec. (say from 47 to 53 cycles) 
is required. In the absence of a frequency meter, the frequency 
of supply can be calculated from— 

( Revs, per sec. of al-'j (No. oi pairs of poles] 

ternator or synch- r x 4in the alternator orV 
Tonous motor. J [motor. J 

Beed-type Frequency Meter . — A number of steel springs of 
different natural frequencies {i.e. miniature tuning-forks) are 
mounted parallel to the core of an electromagnet which is excited 
from the circuit, the frequency of which is to be measured. One 
end of each spring is fixed and the other is bent inwards so as 
nearly to touch an iron disc attached to one end of the magnet 
core. All the reeds are thus subjected to a periodic attraction, 
the frequency of which is twice the frequency of the supply 
current (because each half wave produces an attraction). That 
reed, the natural frequency of which equals twice the frequency 
of the A.C., vibrates in resonance and its bent-over end appears 
as a radial white line; the other reeds remain nearly or quite 
stationary. Against each reed (or every fifth reed) there is 
marked on the scale the supply frequency corresponding to 
resonance of that reed. 

It is sometimes useful to know that the range of a frequency 
meter of this type can be doubled by polarising the magnet 
(by a D.O. winding or a permanent magnet) so as to neutralise 
the effect of alternate half-waves of the A.C. The number of 
attractions on the reeds is thus halved and the frequency corre- 
sponding to the resonant reed is twice that shown by the scale. 

The Weston frequency meter works on a different system. 
In this instrument there are two fixed coils each made up of two 
sections wound flat, of which one is slipped inside and at right 
angles to the other. The movable system consists of an iron 
needle, a pointer, and a single vane air damper, no control springs 
being required. The connections are shown in Fig. 20. The 
fixed coils are in series across the line with a reactance Xi in 
series with one and a resistance B^ in series with the other ; a 
resistance Bi is in parallel with the former and a reactance X 2 
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with the other. The whole combination is then in series with a 
further reactance X. The circuits as shown form a balanced 
Wheatstone bridge (§ 120) at normal frequency, but any change 
of frequency is accompanied by a corresponding shift of the re^ 
sultant field of the fixed coils, which is indicated by the pointer 
on an open scale. 

In the British Thomson-Houston frequency meter a curved 
iron core is excited by a coil connected to the A.O. supply. A 
moving coil is connected to a condenser and is so pivoted that it 
can move along the curved iron core towards or away from the 
fixed coil. The moving coil acts as the secondary of a trans- 
former (the fixed coil being the primary) and it always sets itself 
so that its inductance, which varies with the position of the 



Fig. 20. — Diagram of Weston frequency 
meter. 



Fig. 21. — Diagram of Lipman-Nalder 
frequency meter. 


coil along the core, and the capacity of the condenser to which 
it is connected are in resonance (§47) with the supply frequency. 
Harmonics in the supply wave have little effect on the flux 
threading the moving coil, hence the instrument is practically 
unafiected by wave form ; neither is it affected by wide variations 
in supply voltage. The moving coil carries a pointer which moves 
over a scale calibrated in frequencies. If the frequency be 
constant the instrument can be calibrated to measure inductances 
or capacities connected in the circuit of the moving coil. 

The Wild frequency meter uses two electromagnets, the 
winding of one being of high inductance and low resistance, and 
that of the other being of low inductance and high resistance. 
The two windings are connected in parallel and the current 
through the inductive circuit varies inversely with frequency, 
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whilst that through the other circuit is practically independent of 
frequency (§ 44i). In the air gaps of the two magnets lie the 
diametrically opposite sector-shaped blades of an aluminium vane 
which is mounted on a spindle without control. The position 
of the vane, and therefore of the pointer, depends solely on the 
relative flux produced by the two magnets which, in turn, de- 
pends only on the supply frequency. The instrument is con- 
nected in series with a choking coil which smooths out harmonics 
and makes the readings practically independent of wave form. 

The Nalder and Thompson (Lipman) frequency meter depends 
on the fact that the P.F. of a circuit containing inductance and 
capacity varies widely with change in frequency round about the 
value of frequency for which the circuit is in resonance (§47) 
The P.F. of such a circuit can thus be made a measure of fre- 
quency. The instrument described is broadly similar to the 
Lipman P.F. meter (§ 111), but the connections are such that the 
position of the pointer varies with the P.F. of the magnetising 
circuit of the instrument itself. Referring to Fig. 21, the supply 
of which the frequency is to be measured is brought to the 
terminals TT, between which there are three parallel paths 
through the instrument. The branch Ba is of high resistance 
and low inductance, whilst the branch Lb is of high inductance 
and low resistance. The vanes AB on the spindle are thus 
subjected to magnetic fields diOfering practically 90° in phase. 
The magnetising coil M surrounds the spindle (which is of 
magnetic material between A and B\ and the inductance of M 
and capacity of C are such that this circuit is in resonance at, 
say, 50 cycles per sec. At higher frequencies the inductance of 
M preponderates . and the current lags behind the E.M.F. pro- 
ducing it. At lower frequencies the current leads with regard to 
the E.M.F. Thus the phase of the field produced by M, and 
polarising the vanes ABy varies with the frequency (which does 
not, however, affect the phase of the fields produced by aa and 
hh). The position taken up by the moving system thus depends 
only on the phase of the field produced by M, i.e, upon the fre- 
quency of the supply connected to TT. The range and form of 
the scale can be varied by altering the electrical characteristics of 
the instrument circuits or the setting of the iron vanes. ^ 

1 13. Supply Meters. — Though these instruments are also used 


See also Electrician, Vol. 87, p. 468. 
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to measure the total energy supplied to feeders, etc., fche usual 
function of supply meters is to measure (directly or indirectly) 
the energy supplied to individual consumers, thus providing the 
basis on which to charge for the supply. The energy (kWh) 
supplied to a D.C. circuit is {Elt / 1 000) kWh; to a single-phase 
A.C. circuit {Elt cos ^) / 1 000 kWh ; and to a 3-phase circuit 
{^Z'EIt cos <^) / 1 000 kWh, where E = D.C. voltage or voltage 
between A.C. phases ; I = line or phase amperes ; t = time of 
flow of this current in hours; and cos ^ = P.F. of A.C. circuit. 
Thus to measure the true energy supplied we need a meter which 
takes into account E, /, t, and cos ^ ; such an instrument is a 
watt-hour meter (§ 115). The degree of constancy in the voltage 
of commercial supply is, however, such * that E may be assumed 
to be constant ; on this assumption, and if cos ^ be constant in 
the case of A.C. supply, the true energy supplied is proportional 
to the product I x t, i,e, an ampere-hour meter (§ 114) may be 
calibrated to indicate directly in kWh at stated voltage. If the 
actual voltage difiers from the declared value the error in the 
kWh-indication of an ampere-hour meter is proportional to the 
difference between the actual and declared voltages. 

Watt-hour meters record the actual energy supplied whatever 
the voltage variation, but they involve a pressure circuit in which 
there is a continuous dissipation of energy, whether the consumer 
is taking current or not. The energy dissipated in the pressure 
circuit is not recorded by the meter (c/. Fig. 15, § 110) and repre- 
sents a serious loss to the supply authority if many such meters 
are installed on the premises of small consumers. Ampere-hour 
meters avoid this loss and are simpler and cheaper in construction ; 
on the average the true voltage is likely to be below as often as it 
is above the declared value, but this is always a point of possible 
contention. Ampere-hour meters give no measure of A.C. energy 
unless the power factor of the load (as well as the voltage) is 
constant ; this assumption is justified only in the case of a load 
consisting entirely of filament lamps, non-inductive heating 
apparatus, etc. With the increasing use of electric motors for 
domestic appliances there is less opportunity for using ampere- 
hour meters in A.C. systems. 


* The statutory limit of variation is ± 4 '’/o from declared voltage up to 3000 
V and + 12^ ®/q if the declared voltage exceeds 3000 Y. The declared frequency 
(cycles / sec ) must be maintained constant within ± 2J 7o* 
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Electrolytic meters measure ampere-hours by the amount of 
electro-chemical action produced in an electrolyte (§ 28 ), but are 
applicable only to D.C. measurements. In motor meters a spindle 
geared to a recording train carries a driving disc which is subjected 
to a torque varying with the load current (in ampere-hour meters) 
or with the watts (in watt-hour meters). The spindle is also 
subjected to a braking torque which varies with the speed of 
rotation of the spindle. When the meter is running steadily the 
driving torque is equal to the braking torque, ix. the speed of 
rotation varies with the load current or watts. The total revolu- 
tions of the meter spindle therefore vary with ampere-hours or 
watt-hours, as the case may be, and are recorded by a train of 
clockwork which is calibrated in Board of Trade units (kWh). 

Tlie indications in the majority of meters are shown on a 
series of dials, for units, tens, hundreds, etc., actuated by a train 
of wheels ; and it is not difficult for the inexperienced to make a 
mistake in reading, as the hands are seldom in exactly their 
correct positions. 

For example, if the dials in Fig. 22 be read from left to right the result might 
he taken as 3 209. If, however, the reading is taken (as it should be) backwards 
from the unit dial the correct result will be seen to be 4 199, a very different 
matter ; the last figure is evidently 9 ; the next hand points almost to 0, and 
therefore the last two figures must be 99. Obviously, therefore, when we come to 
the hundred dial the hands must be indicating just short of 200, not nearly 300, so 
we have 199. The hand on the thousand dial is pointing nearly to 4 000, but the 
previous figures show that it should actually be over, not under ^ 4 000 ; i.e. 4199, 
not 3 199. A mistake in meter reading does not always matter seriously ; in the 
instance here given, a reference to the reading of the previous month would gener- 
ally show up the error at once, for if the average consumption were (say) 220 to 
550 units a month, the previous correct record would be 3 979 or 3 649 units, as the 
case may be, i,e. higher than the false reading, which must therefore necessarily 
be wrong. If, on the other hand, the false reading gave too many units, the 
following month’s correct reading would give negative consumption, and the 
error would be detected.* 

To save time in reading meters and to reduce the risk of error to a minimum, 
there has recently been perfected a special type of miniature camera, which is 
applied to the meter window by the inspector, and then photographs the complete 
dial plate of the instrument by electric light furnished by dry cells and a glow- 
lamp included in the equipment. The negative thus obtained is used by the 
clerical department in making out the consumer’s bill, and it is even suggested 
that a photo-print might be attached to the bill. There is nothing impracticable 

* To bring home these remarks it may be added that a reviewer of the first 
edition of this book (Engineering, 2 Nov., 1917, p. 476) stated that the author’s 
own reading was incorrect ; neither diagram nor text has been altered, however, 
except for italics. 


149 


§113 ELECTRICAL ENGINEERING PRACTICE 

in this system of ‘ meter-reading,* but every supply engineer must decide for 
himself whether it is worth while employing it, under the particular conditions 
of supply and office organisation in the supply area concerned. 

Meters are often provided with cyclometer dials, giving the 
indications in plain figures. In the earlier types these were apt 
occasionally to slip a notch and give a reading 10, 100, or 1 000 
units in excess ; such a mistake could only be detected by the 
comparison of one month’s consumption with another, and not 
always by this method. As the actual reading of a meter is, in 
the absence of fraud, taken to be ‘ conclusive proof ’ of the con- 


1000 100. 

0 0 



Fig. 22. — ^Illustrating the misleading effect of errors in the setting of hands 
on meter dials. 

The correct reading of the dials shown is 4199. 

sumption indicated, this source of error was a dangerous one. 
Manufacturers claim to have cured the defect, but there may still 
be early batches of these meters in use ; the cause appears to have 
been due to the gear wheels being only friction-tight on the 
spindles ; they should always be rigidly attached, so that when 
once accurately set they cannot alter. 

Electrolytic meters are simple in construction, and have no 
moving parts and therefore no friction error ; no current can pass 
through the electrolyte without producing its share of electro- 
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chemical action, and no current throuj^h the me, ter when 

the consurner^H circuits are open. P<irio<li(‘. r<‘.-Hettin^ ol ilte 
meaBUidn|:( chamber, et<n, is r(K{uiro<l but this is a rnincu’ din 
advantage. Electrolytic metei'H are uiiHatisfacdory in vt^ry lot, 
climates; they have been known, whi^n diHconnecte<l entirely from 
the circuit, to record a V(ny larg«^ couBtnnptifm (mergy (fH) 
kWh in one day) owing to tmnperatuni {dlects at, about I Kt' F. 
Any commutator-type motor nuder is Hubje,(^t t(» mtu*e in’ less 
error duo to variable, friction and rdectrieal n^Hisiancit between 
brushes and commutator; automatic brush shiftiitg gear is ed'bm 
eTiiployed so that tlm contact sur faces us«sl whmi the meter in on 
very light load are ke.pt in perfe,(;t condition. 

The principal b‘aturos of various ty pes of meters are UMUitioned 
in.thcj following paragraphs ; for detailed information reference 
must be made to special tnmiises (§ T25). Meter testing is din 
cuHK(jd in Chaptm' 40. 

114. Ampere-hour Meters.— (juantity of fdectri(dty MU{f 
plied to a circuit can he determined l)y a current-actuaied device, 
time being taken iiito account by measuring tlm total effect pro 
duced. Thus iit electndytic meters the amount <d' electrolyte 
decompoH(‘d, or of nadr^il electro»de{K>sited, is a nnaiHUre of am{iere 
hours whilst in a motor meter the t<4al revolutions (»f the Hpindh' 
form the ditsired im^asure. 

Electrolytic Mctern. The BfiHtian electrolytic meter employs 
nickel electnxies iti a solution of caustic soda, the Iev«d id’ which 
falls as the ga.w>us products uf e.h^ctrolysis escj-ip**. A layer of 
paraffin prtwents eva{K>ration, ami the level c^f th«^ idet»trolyti^ i« 
read against a scale which is calibrated in kV¥Ii c| I FI), The 
pressures flrop in this meter is 2 or H V which is proliihitive wheri^ 
heavy currant circuits are concertied. In the Wright shiititerl 
electrolytic meter almut the niairt currertt passcM through 

tlm meter and the pri)Hsiir<! flroj# is I V or less, A scilutioii of 
a mercury salt is used as eiectrrdyte and mercury is tniir^ferretl 
electrolytically from a reservoir of mercury {forming the iiiioiie| 
to an iridium cmtliodig whence it runs into a tulsi cfilibriiiifil in 
B.O.T. units. Electrolytic metitrs with co|>|srr elcidroftcH find 
copper sulphate sohitiori as electrolyte can b? usitd conveniently fin 
prepayment ifu*. consumption (d* the prepaid <jUiititity of ele.C' 

tricityiind tIiireonsfe|uent o|Haiiiigof the itircuit ptmdiiig 11 further 
payment, being <Ieterininisl idtlier by tlie increiise in weight, of 
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the cathode or by the dissolving of the anode (the latter being 
in strip form and fed into the solution in proportion to the pay- 
ment made). 

Motor Meters . — In these meters the current to be measured 
passes through an armature which lies in the field of a permanent 
magnet. In the mercury motor meter current flows radially 
through a copper disc mounted on the spindle and immersed in a 
shallow chamber filled with mercury ; a magnetic field perpendi- 
cular to the disc is produced by a permanent magnet. Alterna- 
tively, the armature is bell-shaped, current flow therein being 
parallel to the spindle, and the armature rotating in an intense 
radial field. Eddy-current braking (c/. damping, § 90) is provided 
in this, as in all other types of motor meters, and when it is neces- 
sary to compensate for the fact that the fluid friction in the mer- 
cury chamber rises more rapidly than is desired with increase of 
speed, this is done by using an auxiliary coil to increase the driv- 
ing field. 

Commutator-type meters have an armature winding similar 
to that of a D.C. motor with the important exception that the 
meter armature has no iron core. The winding may be drum- 
shaped or it may be flat and enclosed by an aluminium casing 
which reduces windage, protects the windings, and acts also as 
braking disc. In order that the armature may be wound with 
fine wire, meters of this type are generally shunted ; the p.d. 
across the shunt is about 1 V at full load. The field is produced 
by permanent magnets. 

Any motor-type ampere-hour meter with permanent magnet 
field is reversible according to the direction of the current so that 
if the current is first going through the coils in one direction, as 
when charging a battery, and then in the opposite direction, as 
when discharging the battery, the instrument will show the differ- 
ence between the ampere-hours passed through it in the two 
cases. Ampere-hour meters used in this way on electric battery 
vehicles (Chapter 36) to indicate the state of charge of the battery 
are calibrated in ampere-hours (standard dial ranges being up to 
100 or 500 Ah). The pointer rotates clockwise on discharge and 
counter-clockwise on charge, and stands at zero when the battery 
is fully charged. To allow for the fact that the Ah-input on 
charge' is necessarily greater than the Ah-output on discharge 
(Chap. 18), the meter is arranged to read correctly, on discharge, 
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//. Tinsley cC Co. 
The Brysdale Wattmeter. 


This instrument can he calibrated on D.C., and will then read accurately on 
D.O., or single- or tliree-phase A.G. circuits. Metal parts are eliminated wherever 
possible, and the windings are stranded to reduce eddy currents. The two systems 
of the wattmeter are arranged at right angles so as to have no interaction; if 
desired, one system can be used with D.C. and one with A.C. For tests at very low 
power factor [c.cj. on cables or condensers) the current through one set of coils can 
be increased, so as to magnify the deflection. 



CaTiihrUlcje cO Paul histr. Co . , Ltd. 
Self-contained Kotary Pattern Wheatstone Bridge. 


The set is complete with dry battery, and the only connection required is that 
of the unknown resistance to the terminals XX. The ‘Unipivot’ galvanometer 
requires no accurate levelling. Measurements can be made, accurate to 1 in 500, 
over the range 0*01 to 11 110 ohms. The rheostat arm is adjusted by rotating the 
drums shown. The value of the unknown resistance is obtained by multiplying the 
reading on the drums by the ratio employed {i.e. 0*1, 1 or 10 according to the key 
pressed). 

[To face 11 . 152. 



Electrical Ajoparatics Co . , Ltd. 


D.O. Amperr-Hour LIkter. 

This meter is of the coiiiiiiu- 
tafcor motor type with the armature 
wmdings enclosed iu an aluminium 
disc. The magnets are of cobalt 
steel. The meter starts at of 
fulhloacl current and is accurate 
^ ‘ within 

2 I down to load. The speed 
IS low, viz. 75 r. 2 ).m. maximum ; 
and tJie full load torque is £0 
grm..em., and is uniform except at 
the jioints of commutation when it 
exceeds 32 grm.-crn. Tlio pressure 
drop IS less than 1 volt. 



?40VOt.T' 
50 X 


A.C. 


Watt-Hour Meter. 


shunt-wound^^statets plafeVawVand'a™*”*^ type. A 

rotor disc which is braked by 

Accuracy, + 2 from 25 “/ overload tT -p^w® 'lata are : 

or lagging. Starts at 0-5 7 n i '2 clown to 0-5, leadinc 

at fuf loid. PnUdoad toil Shit'll 40 r.JlSf 

polyphase circuits two rotor discs are ^ unbalanced 

stator system. mounted on one spindle, each with its own 
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but slow on charge by an ainouat wliicb is adjustable up to 30 7^ 
according to the efiBicieney of the battery concerned.^ 

1 15. Watt -hour Meters. — The ThomsoTi- type watt -hour 
meter is an ironless commutator-type motor, the stationary field 
coils of which carry the main current (or a fraction thereof) 
whilst the armature is connected, in series, with a suitable resist- 
ance, across the mains. The driving torque and meter speed 
yary with the power supplied to the load metered ( 0 /. dynamo- 
meter wattmeter, § 109), a brake disc rotating between the poles 
of a permanent magnet. A compensating coil in series with the 
pressure circuit aids the field coils and produces a constant torque 
compensating for the (assumed) constant friction ; if the meter 
be subject to vibration this compensating torque may cause 
‘creeping’ (i.e. running on no load). This type of meter can 
be used for D.O. or A.C. measurements, but the mercury motor 
meter is more powerful and can he used on D.C. systems, whilst 
the induction meter is better than the Thomson type for A.C. 
systems. 

The mercury motor watt-hour meter is practically identical 
with the ampere-hour meter of this type (§ 114) except that the 
fiield, in which the armature disc rotates, is produced hy an 
electromagnet excited by a pressure coil. This type of meter is 
not suitable for AC. measurements because of the high inductance 
of the pressure circuit. 

The principle of action of induction watt-hour meters is 
identical with that of induction wattmeters (§ 109), and, like the 
latter, these instruments are not applicable to D.C. measurements. 
In general, the meter disc is placed between the poles of one 
electromagnet excited hy the load current and one excited hy the 
supply pressure (instrument transformers, § 108, being used if 
necessary). The current winding is of low inductance, but the 
pressure circuit is made as inductive as possible. An auxiliary 
short-circuited winding on the pressure core produces some extra 
lag and brings the flux of the pressure magnet into quadrature 
with the line voltage. The torque on the meter disc is then pro- 
portional to the load (watts) supplied. A permanent magnet em- 
bracing the disc at another place produces eddy-cuirent braking. 
The moving system consists only of the disc and spindle, and two 

*For the Electric Vehiole Oommitfeee’s recommendationa concerniiig ampere- 
hour meters for battery vehicles TM Electric Vehicle, Yol, 5, p. 35. 
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meter elements can easily be placed on one spindle for measuring 
3-phase energy by the two-wattmeter method (§ 110). 

The Aron {’pendulum) watt-hour meter employs two stationary 
solenoids, traversed by the load current, to accelerate and retard 
respectively two pendulums, the '' bobs ” of which are coils of fine 
wire connected, in series with each* other and a suitable resistance, 
across the supply voltage.* The diflference between the rates of 
oscillation of the pendulums is proportional to the power supplied, 
and the energy (Wh) is recorded by a train driven from the two 
pendulums through a differential gear. The spring driving the 
pendulums is wound electrically and difference between the 
natural periods of the pendulums is neutralised by reversing every 
10 mins, the recording gear and the current through the pendulum 
coils. Though rather intricate and costly in construction, these 
meters are precision instruments ; provided that the inductance of 
the pressure circuit is low, they can be used for A.O. measure- 
ments. The winding gear of the A.O. meter must, however, be 
adapted to the frequency of supply concerned. 

Though theoretically independent of voltage changes, any 
watt-hour meter should be used on approximately the pressure 
for which it is designed, otherwise the torque will be unduly low 
(low voltage) ; the pressure winding will be overheated (high 
voltage); or the pressure flux will not be proportional to the 
voltage where iron cores are used. 

Ii6. Special Supply Meters. — Many instruments come under 
this heading, but those of general interest are as follows : — 

(i) Prepa’yment Meters . — Any meter can be made to operate 
on the prepayment principle by adding to it a mechanism which 
closes a switch in the main circuit when a coin is inserted, and 
opens the circuit automatically when the amount of energy corre- 
sponding to the prepayment has been consumed. The trip gear 
is actuated from the recording train, and a further payment is 
required to restore supply after interruption. The electrolytic 
(copper strip) meter is a popular type (§ 114). 

(ii) Two-rate Meters . — Any meter can be provided with two 
recording trains and a change-over device operated electro- 
magnetically under the control of a time-switch. The consumptions 
recorded on the two trains are charged at different prices (§ 272). 

* Where the load is heavy, the pendulums may carry shunted current coils, 
the pressure coils being then the stationary ones. 


INSTRUMENTS AND MEASUREMENTS § 117 

(iii) Summation Meters . — These are used to measure the total 
energy supplied by a station or through a number of circuits. 
Each machine or S-phase circuit may have its own pressure 
and current circuits in the meter operating on the two-watt- 
meter principle (§ 110), a number of such elements operating on 
one disc and several discs being mounted on one spindle ; the 
mechanical effects of each meter are thus added together. Alterna- 
tively, the addition may be effected on the electrical side, a current 
transformer in, say, the No. 1 phase of each machine or feeder 
being connected to a pair of bus bars which serve the current 
circuit of the summation meter. The latter is then an ordinary 
induction meter (§ 115), the pressure circuit of which is excited 
by the appropriate phase of the system (No. 1 phase in the case 
assumed). 

(iv) Wattless Component Meters . — These are likely to assume 
great importance as the practice of power-factor correction 
(Chapter 5) and of penalising low-power factor (§ 274) becomes 
more general. A dynamometer or induction-type watt-hour 
meter can be re-connected to integrate the product i?/ sin 0 (§ 110) 
thus measuring the wattless kVA supplied. The charge to the 
consumer is then based on the readings of a watt-hour meter and 
a wattless kVA meter, or on the reading of a watt-hour meter and 
the mean P.F. of the load as calculated from the readings of the 
two meters (§111). For further information on meters for 
measuring wattless or total power see El. Rev., Vol. 87, pp. 452, 
505. 

1 17. Maximum Demand Indicators. — The importance of 
the maximum power demanded in any consumer’s circuit is ex- 
plained in § 260. Just as ampere-hours can be taken to be a 
measure of watt-hours in a constant- voltage system (§ 114), so 
can the maximum current be taken as a measure of the maximum 
power demanded. An indicating ammeter with an auxiliary 
pointer, carried forward by the main pointer and left at the maxi- 
mum deflection of the latter, would show the actual maximum 
current, but it is necessary to discriminate between momentary 
heavy current, due to motor starting, short circuit, etc., and 
maximum demand sustained for such period (15-60 mins.) as to 
preclude accidental or transitory demands. The requisite time lag 
may conveniently be introduced by using the heating effect of the 
current. 
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In the Wright demand indicator a heating coil wound on one 
bulb of a differential thermometer drives liquid into a calibrated 
side tube to an extent depending on the sustained maximum 
current. The use of a differential thermometer eliminates the 
effect of the general air temperature. While it is reliable as a 
rule, a device operating on this principle lends itself to tampering, 
e.g. by artificial cooling, when an exceptionally heavy load is 
required. 

A maximum demand indicator described by Lincoln * 
operates on the thermal-storage principle and has a pointer, 
the deflection of which is determined by the difference between 
the heating of two bi-metal spiral springs. These springs are 
enclosed in capsules which are heated by resistances so connected 
that the difference in heating is proportional to the watts supplied in 
the main circuit. The maximum deflection of the pointer, during 
the period over which the demand is assessed, is indicated by a pilot 
pointer. It is claimed that this device has the same heating 
characteristics as the machines and cables in the supply circuit. 

Another principle is to introduce heavy damping (§ 90), by 
glycerine or otherwise, in a current-indicating mechanism which 
is operated electromagnetically. 

The Merz maximum demand indicator uses an auxiliary re- 
cording train and pointer to record the maximum advance of the 
main recording train of the meter to which it is fitted, during a 
predetermined period. At the end of every period (15-60 mins.), 
the auxiliary train is returned to zero, but its pointer is left at its 
maximum deflection and is not again moved forward until a 
higher consumption occurs during some subsequent period. 

Maximum demand indicators are generally re-set quarterly 
. when the meter is read. 

Ii8. Ondographs and Oscillographs. — The wave form of 
alternating current, pressure, or power can (if constaoit) be plotted 
by the point-hy -point method or recorded automatically by an 
ondograph which works on this method. In either case, a disc 
carrying a contact pin is mounted on the shaft of the supply 
alternator or on the shaft of a synchronous motor driven from 
the supply to be investigated, A stationary contact brush 
touches the contact pin once per revolution, and thus connects the 
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supply momentarily to an indicating instrument which shows the 
instantaneous value of the current, pressure, etc., under investiga- 
tion. By advancing the contact brush between readings, and 
taking a sufficient number of observations, the instantaneous 
values of the wave can be determined throughout a complete 
cycle. In the ondograph the brush is advanced automatically 
and a recording instrument records the successive instantaneous 
values ; a complete cycle can thus be recorded in, say, ^ min., by 
readings taken from about 1 000 successive cycles. To trace a 
pressure wave by the point-by-point or ondograph method, the 
indicating or recording instrument is connected across the supply 
mains ; for a current curve it is connected across a non-inductive 
shunt (§ 107) in the main circuit; and for a power wave a watt- 
meter is used. 

The oscillograph is a much simpler instrument than the ondo- 
graph and, having no appreciable lag, it is able to follow 
accurately all the variations in every cycle of an A.C. wave, thus 
providing a continuous indication or record and making possible 
examination of transient or non-periodic as well as periodic waves. 
A small mirror (actuated electromagnetically or by a hot wire or 
electrostatic instrument) deflects a spot of light proportionally to 
the instantaneous values of the quantity to be measured The 
movements of the spot may be recorded on a falling or rotating 
photographic plate or film. Alternatively the oscillating spot 
may be focussed on a plane mirror which is itself oscillated by a 
cam on the shaft of a synchronous motor driven from the supply 
investigated. A second movement (proportional to time) is thus 
imparted to the spot which then falls on a screen and traces the 
complete wave form ; retentivity of vision makes the moving spot 
appear as a continuous line. Photographic recording is alone 
suitable for the investigation of a particular series of waves, e.g. 
switching surges, etc. 

The Duddell oscillograph uses a loop of phosphor bronze strip 
stretched in the narrow air gap of a permanent magnet or of 
an electromagnet with constant excitation. The instrument 
thus belongs to the moving-coil, permanent magnet class 
(101 a). At any moment current flowing up one side of the loop 
flows down the other side, and since both sides lie in the same 
magnetic field, one moves forward and the other moves backward 
(§ 33). A small mirror attached to the two sides of the loop is 
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thus tilted, and the spot reflected by it is deflected through a 
distance proportional to the current in the strip, the sensitivity 
being about 300 mm. deflection per ampere at a distance of 50 cm. 
According to the strength of the magnetic field, the diinoiisions of 
the strips, etc., the natural period of vibration is from 50 oa to 
sec.; waves up to 500 cycles per sec. or even higher 
frequencies can be traced, and the oscillograph can be insulated 
for use on 50 000 V circuits. 

In the Itww hot-wire oscillogvciph tlie A.O. to be investigated 
is passed through a loop of fine wire, and a polarising direct 
current, fed into the centre of the loop, flows through tlie two 
halves of the latter in parallel. The resultant current in one 
half of the loop is the sum of the A.C. and D.C., and in the other 
half is the difference of the A.C. and D.C. The difference in ex- 
pansion of the two sides then varies directly with the instantaneous 
values of the A.O. {not with their squares), the D.C. being con- 
stant. This difference in expansion is used to tilt a small mirror. 
A compensating circuit prevents any lag in the heating of the 
wires. No field magnets are required, hence the instrument is 
much smaller than the Duddell instrument ; its range of applica- 
bility is practically the same. 

Either the Duddell or the Irwin oscillograph can be used to 
trace pressure and current waves simultaneously, a fixed mirror 
providing a zero line and two moving systems being connected 
respectively across the mains (in series with resistance) and 
across a non-inductive shunt in the main circuit. The Irwin 
oscillograph can be arranged to trace a power curve if required. 

Where very high prossuros (up to 250 kV) are concerned, the 
insulation and series resistance required by current-carrying 
oscillographs become inconvenient or iinpmcticable. In such 
cases and even at lower pressures (down to 5 kV) the electriH 
static oscillograph offers advantages. The principle eniployml is 
identical with that of the electrostatic voltmeter (| 103), a 
phosphor bronze or steel strip or strips oscillating in an electro- 
static field produced between plate electrodes connected to the 
pressure under investigation, this motion being imparted to the 
mirror which reflects the indicating spot of light. Currente of 
1 mA or less can be recorded by connecting the instrument acrc»s 
a non-inductive shunt which must, however, be of very high re- 
sistance (some megohrxis) in order to provide a suitable operating 

158 



INSTRUMENTS AND MEASUREMENTS § up 

P.D.; such conditions arise when testing dielectrics. The electro- 
static oscillograph can be used for frequencies of some thousands 
of cycles per sec. 

The cathode ray oscillograph utilises the fact that a cathode 
ray is deflected by electrostatic or electromagnetic forces. The 
ray passes between two electrodes connected to the pressure under 
investigation, and also between field coils which impart to it a 
second motion proportional to time. It then falls upon a fluores- 
cent screen where it produces a loop or polar diagram. The 
principal utility of this instrument is in investigating waves of 
very high frequency, the cathode ray having no inertia."^ 

up. Measurements of Resistance. — By an inversion of 
Ohm’s Law (§17) E = £7 // or, in words, the resistance (ohms) 
of a conductor equals the potential difference (volts) between the 
ends of the latter divided by the current (amperes) which it pro- 
duced. This law, which holds only when the three factors are 
unvarying, may be applied to the determination of resistances 
from voltmeter and ammeter readings. Referring to Fig. 23 the 
ohmic resistance of any conductor or winding, i2 (whether in- 
ductive or not), can be found by passing through B a steady 
D.C., the value of which is measured by an ammeter, A (read- 
ing i), whilst the P.D. across the terminals of the winding is 
measured by a voltmeter V (reading E) ; then B = E f IH. 
The voltmeter should be of very high resistance compared 
with B, and it should be connected across the terminals of B ; 
the current through V (which is included in the reading of .d) 
is then so small as to introduce no serious error. If V 
were connected between B and 0 it would include the pressure 
drop in A which may be quite appreciable in comparison with 
that across R, This method is useful for measuring the resistance 
of machine windings.f 

High resistances, such as insulation resistance, maybe measured 
by applying say 440 V or 500 V to the resistance B in series with 


* A convenient cathode ray oscillograph requiring an anode battery of only 
300 V is described, JSl. Bev., Vol. 91, p. 783; and a low-voltage, hot-cathode 
oscillograph adapted for commercial production and of great sensitiveness is de- 
scribed in ‘The Cathode Bay Oscillograph,’ by A. B. Wood, Proc. Phys, Soc. 
{London), Vol. 35, Pt. 2, p. 109. 

flf the resistance measured between two line terminals of a S-phase 
winding be B ohms, the resistance per phase is J B if the winding be star-con- 
nected, and f B if the winding be delta- connected. 
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a moving-coil voltmeter of resistance r (Fig. 24). If V be the 
applied voltage and v the reading of the moving-coil voltmeter, 
then B ] r — {V - x) f v, therefore B = riV - v) f v ohms. 

From the relation R == E I T it follows that a D.C. ammeter 
can he calibrated to indicate resistances in ohms if the voltage 
applied to the resistance be constant. This amounts to dispensing 
with V (Fig. 23), and calibrating A to read the values of JS corre-^ 
sponding to various cimrents at constant voltage V ; the calibra- 
tion applies only to this voltage.^ If the instruments V, A 
(Fig. 23) be arranged so that their pointers cross, the crossing-point 
varies with the ratio E j I B) and the corresponding resistance 
can be read on curves mounted behind the pointers (§ 91). Such 
a combination constitutes a true ohmeter in that it measures 
resistance independently of the actual values of current and 
voltage. The name ohmeter is, however, generally reserved for 
instruments which indicate resistance values by a single pointer 



Fig. 23. — Determiniiig resistance from, 
amineter and Yoltmetex readings. 
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Fig. 24. — Determining resistance by volt- 
meter readings. 


and scale, the ratio of voltage to current then being taken into 
account in the instrument itself. Ohmeter, ohmer, megger, and 
omega are trade names applied to various types of direct-reading 
instruments for measuring resistances. These instruments are 
available for measuring resistances from a fraction of an ohni up to 
50 or 100 megohms on one or other of several scales, a switch 
determining the range. A small hand-driven magneto generator 
supplies the testing pressure of 200, 500, or 1 OOO V. The generator 


* Aa interesting application of this principle is in determining the salinity of 
boiler feed, condensate, etc. The electrical resistance of 'water falls rapidly as the 
percentage of dissolved matter increases (§ 69) and may be taken as a measure of 
that percentage, provided that there is only one substance, say salt, concerned. 
The water to be tested flows through a tube in which are two electrodes connected 
in series with a milliammeter across a constant supply voltage. As thus arranged, 
the ammeter may he calibrated to indicate directly the salinity of the water. An 
ohmeter, eliminating the effect of voltage variations, may be used for the same 
purpose. 
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is capable of giving only a minute current, but it is important that 
it should be a high-voltage machine in order that the insulation of 
conductors and apparatus in ordinary supply circuits may be tested 
at or above working voltage ; high-voltage plant is tested by other 
means (Chapter 40). If there is poor insulation resistance so that 
appreciable leakage current is passed, the pressure of the magneto- 
generator immediately drops. 

The principle of one type of ohmeter is shown very clearly by 
Fig. 25, this diagram being reproduced from Heather’s Electrical 
Engineering for Mechanical Engineers. Two equal coils A, B 
are mounted at right angles, and along their common diameter is 
a spindle carrying the indicating pointer and (at the centre of the 
coils) a small soft iron bar. One coil, B, is connected in aeries 
with a high resistance, R (by varying which the range of the in- 
strument is altered), and the other coil, is in series with 


B 



Fig. 25. — Ohmeter connections. 
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the unknown resistance, X, connected between the test terminals. 
The generator, G, is connected to the two circuits in parallel, and 
the distribution of current between them is determined by the 
relative values of X and B (cf. shunts, § 107). The soft iron bar 
on the spindle takes up a position in the direction of the resultant 
field produced hy A ^ B; this position, which is indicated by the 
pointer, is a measure of the relative values of the currents in the 
coils and therefore of the resistance X {B being fixed for each 
range). The scale is calibrated in ohms or megohms. Though a 
true ohmeter, in that the readings are independent of the voltage, 
this instrument has weak operating forces and is affected by stray 
fields. These objections are overcome by using a moving-coil 
permanent-magnet instrument (§ 101 a) with two coils on one 
spindle, one carrying a current proportional to the pressure and 
the other a current proportional to the current flowing in the 
I. 161 11 
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resistance measured ; the position taken up by the moving system 
depends on the ratio U f I. 

The electrostatic ohmeter is an electrostatic voltmeter measuring 
the P.D. across a known resistance produced by the leakage current 
through the resistance to be measured. The polarising voltage of 
the instrument is the same as that used for the resistance test, hence 
the indications are independent of the actual voltage. 

120. The Wheatstone Bridge. — The principle of this method, 
which is used in innumerable forms, is illustrated by Fig. 26. Four 
resistances, including x of which the value is required, are connected 
as shown; a and h are known as the ratio arms, and may either 
be of equal value ; or as 1 OOQ to lOO or as 10 to 1 ; or as 1 to 10 
or 100 to 1 000. The remaining arm, r, is the adjustable resistance, 
which is altered in value until it bears the same ratio to x as a bears 
to 6. When this is the case the current from the battery will 



Pig. 26. — Wheatstone’s bridge. 



divide up between the two parallel circuits and there 'will be mo 
deflection of the sensitive galvanometer G. Keys and are 
provided for opening and closing the battery and galvanometer 
circuits ; they are generally placed one below the other, so that on 
depressing the handle the battery circuit is closed first and opened 
last. The unlmown resistance x = r % b J a when a balance is 
found, i.e. when there is no deflection of G. As usually made, the 
arms a and b consist of coils of 1, 10, 100, and 1 OOO O, and the 
ratio arms actually used should be chosen of the same order of 
magnitude as x. 

In the Post Office bridge a number of resistance coils for the 
arms^ r, a, h (Pig. 26) are mounted in a box and connected to 
terminal blocks on the top thereof. By removing a plug between 
adjacent blocks the resistance connected to those blocks is placed in 
circuit, and the values of the resistances are so chosen that any 

im ^ 
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resistance between, say, 0*01 D and 1 megohm can be measured 
conveniently. Portable testing sets (§ 106) frequently embody a 
bridge circuit arranged on this principle, but witli dial switches 
instead of plugs for varying the resistances in circuit. One of the 
moving-coil instruments in the set may be used as galvanometcx-, 
and small dry cells to provide current for the bridge test may be 
placed in the same case. Such sets may also be arranged for 
resistance measurements by voltmeter or by voltmeter and ammeter 
readings (§ 119); great ingenuity is displayed in multiplying the 
functions of these sets and in reducing the risk of damaging the 
instruments by using incorrect combinations. 

The bridge circuit shown in Fig. 27 may be used to measure 
the resistance of a rail-bond in terms of the equivalent length of 
solid rail without opening the rail circuit. Contact points ABC 
carried by, hut insulated from, a rigid bar are applied to the rail as 
shown, and the dial-type variable resistance R is adjusted until the 
galvanometer, (?, shows no deflection. The only current used is 
that flowing in the rail which should be heavy at the time of the 
test, the exact value being immaterial The resistance of the bond 
(in terms of the length J5(7 of solid rail) can be calculated by tlie 
ordinary Wheatstone bridge formula, but it is more convenient to 
calibrate the dial of B to indicate directly the equivalent lengtli of 
rail. 

Any bridge-circuit with non-inductive resistances can be used 
with A.O. to measure the resistance of electrolytes or of earth plate 
circuits (in which polarisation prevents accurate results being 
obtained with D.C.). When using A.C. the balance of the bridge 
may bo indicated by the more or less complete cessation of bu; 52 !;mg 
in a telephone used instead of a galvanometer, or a vibration 
galvanometer (§ 96) may be employed. 

Resistance variations as a measure of temperature are discussed 
in § 122 ; and leakage detectors in Chapter 40. 

I2I. Measurement of Magnetic Flux.— As in the case of 
electric current, magnetic flux can be measured by any of the 
effects which it produces {e.g. change of electrical resistance, in- 
duction of E.M.F., or development of torque in conjunction with an 
electric current). The flux traversing a known cross-section 
having- been measured the flux density (§ 40) can at once be 
calculated. 

The electrical resistance of bismuth (§ 66) changes when the 

163 


ELECTRICAL ENGINEERING FEACmCl’: 


§ 122 

metal is placed in a magnetic field, and the resifitanee of a search 
coil wound with this metal can be usr^d to measure fields of 
2 000 gauss or higher density. Tlie temperature of tlie coil must 
be taken into consideration because this affiicts tlu^ elf'ctrica! re- 
sistance and the effect of the field th(U'(H‘)n. 

If a search coil wound witli copper wire be wu'thdrawu from 
the field to be measured, the quantity of electricity iridiicctd in 
the coil varies with the strength of tlie magnetic field (§ S5) and 
may be measured by a ballistic galvanometer (§ 9(1) or !»y a 
Grassot flaxmeter. The latter is a moving-coil galvanomater 
with practically no mechanical control ; th(3 deflectiori varies with 
the linkages cut (§ 36) and is practically ind(‘pendf*nt of rate 
of withdrawal of the search coil. 

In a moving-coil instrument (§ 101) the field is normally con- 
stant and the current in the coil is the qtiantity ineasuri*d. For 
the routine testing of permanent magnets a mrndng-coil Hystem 
may be built to suit them, each magnet in turn iHUiig applied to 
the movement. The latter is connected, in series, with mi ammeter 
and regulating resistance, to a convenient supply, Tlie current 
required to produce a definite deflection of the testing movement 
is then a measure of tlie strength of the magnet applied to ite 
pole-pieces, and the ammeter in the circuit may Iki (calibrated to 
indicate directly the flux produced hy the magnet testerl 

122. Measurement of Temperatures : Pyrometry. - Kleetri- 
cal methods are now used most extensively for tlie mimsurament 
of temperature, the property applied being oither the variation in 
the electrical resistance of a conduckir (§ 61) or tlici diaiige in 
E.M.F. of a thermo-couple (§ 129). Any number of resisliinca 
thermometers or thermo-couples can he made to give indications 
or records at a control station or other (uintral place with which 
they are connected by small insulated wires. A change-over 
switch permits a single indicating instrument to be connected to 
any one of any number of thennometers, 

(a) Besistanoe Thermometer — K resistance of plfitiimm, 
nichrome, or other resistance material (| 67) w^ouncl on a mica 
former and placed at the point wliere the teiiipi: 5 rfitore measure- 
mont is to be made aasumes a resistanc^e Bt « J4(l + at) (see 
§ 61) whence t « {E^ - B^) [ B^cl Actually this simple relation 
between resistance and temperature does not apply to very wide 
temperature ranges, the coefficient a then clian|^ng, but for any 
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particular thermometer it is possible to prepare a calibration curve 
so that the temperature corresponding to a measured value of 
resistance can be read at once. With a platinum resistance, 
temperatures from - 200° 0. to 900° C. can be read regularly, and 
at the risk of rapid deterioration temperatures up to 1 200° C. can 
be measured. It is said * that the resistance of tin varies directly 
with its temperature up to 1 680° C. but the metal melts about 
232° 0. 

The mean temperature of a machine winding, etc., can easily 
be determined from its resistance when hot and when at atmo- 
spheric temperature. It will be found that equation (2), § 61, can 
be put in the form — 

h = {iJA(234-5 + to) - 234-5 Bo] / Bo 

where to = the mean hot and cold temperatures of the wind- 
ing, in °0. ; and iJ/i, Bo = the corresponding resistances of the 
winding as measured by Wheatstone bridge (§ 120). Assuming 
the ‘ cold ’ temperature to to be 20° 0. the above formula reduces 
to — 

Mean temperature rise (°0.) = {B^ - Bo) / 0‘ 003 93 Be- 

Instead of measuring the resistance of the winding when hot 
and cold and calculating the mean temperature rise as above, an 
indicating ohmeter (§ 119) may be connected permanently in 
circuit and calibrated in degrees of temperature. This arrange- 
ment is applicable only to a D.O. winding (field coil, etc.), one coil 
of the instrument being connected in series with and the other 
across the terminals of the winding; the calibration then applies 
only to the winding concerned. Alternatively, small test coils may 
be placed permanently at various points in the winding, the resist- 
ances of these being measured by a bridge circuit or by an indicat- 
ing instrument (cahbrated in °0.). The provision of a number of 
resistance thermometers (or thermo-couples) at selected points ixi 
a machine- or transformer-winding makes it possible to locate 
and observe the hottest point and the ' hot spot temperature ' 
with considerable precision. This is important because it is the 
maximum temperature attained which determines the life of the 
insulation (§ 80). The mean temperature ri^e, t^, of a winding 
(as determined by resistance measurements) is, almost invariably, 

* Jour. Imt, of Metals, Vol. 22, p. 396. 
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considerably less than the maximum temperature rise Accord- 
ing to Vidmar the value of is given by : - to ; where 

to = minimum temperature rise on the surface of the coil (measured 
by mercury thermometer). 

(6) Thermo-couples . — The E.M.F. of a pair of similar thermo- 
couples (§ 129) connected in opposition is measured by a high- 
resistance instrument so that the small current flowing may 
not cause appreciable pressure drop (§ 24); this E.M.F. forms a 
measure of the hot-junction temperature if the temperature of 
the cold junction be constant. The voltmeter may therefore be 
calibrated to indicate the temperature of the hot junction. Some- 
times the cold junction of the couple can be located where it is 
always at atmospheric temperature, the indicator scale being then 
set (automatically or otherwise) to suit the actual temperature of 
the cold junction. In other cases, the cold junction is immersed 
in oil in a vacuum flask. 

Almost any pair of dissimilar metals will develop a thermo- 
electric E.M.F. (this being a possible source of error in shunts, 
potentiometers, etc.), but in choosing metals for a thermo-couple 
regard must be had to the magnitude of the E.M.F. developed, 
the uniformity of its variation with temperature, the constancy 
•of the characteristics of the couple, and the temperature up to 
which the couple can be used. A couple consisting of a platinum 
wire and a wire of platinum-rhodium alloy can be used up to 
1 400° C. (1 550° 0. temporarily), but the materials are costly and 
the E.M.F. is low. Base metal couples give much higher E.M.F. 
but cannot be used above, say, 800° C. ; this, however, covers 
many industrial requirements. 

The approximate characteristics of various couples are given 
in Table 9; the values of E.M.F. are rough averages — actually, 
the E.M.F. does not vary linearly with the temperature, and 
every couple must be used with a calibration curve or with the 
direct-reading instrument for which it is intended. 

Where practicable, couples for use at high temperatures should 
be sheathed for mechanical protection and to retard corrosion. 
Nickel-nichrome couples can be used bare for most industrial 
measurements up to 900° or 1 000° C. ; the iron-constantan gives 
a higher E.M.F. and^can be used up to nearly the same temperature 
but is subject to rapid corrosion. Copper-constantan is an excel- 
lent couple for measurements at comparatively low temperatures. 
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q — E.M.F. and Temperature Limits for Thermo- 
Couples. 


Couple. 

Average E.M.P. Per 
100° C. Difference 
Between Hot and 
Cold Junctions. 

Maximum Tempera- 
ture of Use for 
Ordinary Service. 

Tm.--^J>latinum-r]iodium (10 7o) 

mV 

0-9-1-1 

°0. 

1 400 

platinum-iridium (io 7o) 

1-2-1-4 

1000 

33-i ^^el-chromium (10 7o) 

el^*- -Alumelf . . . 

2*0.2*4 

1000 

4*0 

rioo 

Coao-^tja^ixtanJ 

5-5 

900 

— OoXishantan ..... 

5-5 

800 

- — -OoaoLstantan .... 

5-5 

400 


bLea:*33ao-. couples make possible the measurement of temperature 
j.ct>iO€Llly any point in any apparatus, and they can be made 
loW" QiCcurately rapid variations in temperature. One indi- 
ox* ^ multiple recorder (§ 93) can be used with a great 
)exr of couples. Notes on the manufacture and use of 

lO-coxxples are given in a paper reprinted in El. Bev., Vol. 

. 7458. 

) JEdcXrdiation Pyrometers are specially useful for temperature 
urements above 1 000'’ C. A tube pointed towards the 
,co oxr other hot body receives radiant energy (in amount 
xigr -w^ith the fourth power of the absolute temperature) and 
xior*g;y is focussed upon a thermo-couple the temperature of 
1 (g-onerally about 100° C.) forms a measure of the high 
^ 1 -^‘bxxx-e observed. The instrument in the thermo-couple 
t iB calibrated to indicate the furnace temperature directly. 
0 Ojptical Pyrometers. — In one useful type, a small lamp 
viewed against the furnace as background, is made 
c (t>y increasing the current through it) until it 'matches’ 
uxrn^tce and disappears. An ammeter in the filament circuit 
I'bx'St'fced in degrees of temperature. In conjunction with an 
p-fcioxx screen, this pyrometer can be used to measure 
3ira.txxx*es up to 3 000° C. 

) JUffccgnetic Pyrometers. — The fact that carbon-steel becomes 
a.a.gxictic (§ 84) at that temperature from which it should 
.enclxed, to obtain the finest grain and best hardening in the 

}0 ixickel, 10 °/o chromium. t98 7^ nickel, 2 7^ aluminium. 

X 60 7o % nickel. 
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metal, has been utilised as follows: The steel is heated io an 
electric furnace, the heating winding of which also niagnetistm 
the metal. When the metal reaches the correct liardening 
temperature it becomes non-inagnetic, and the collapse of its 
magnetic field induces a current in an auxiliary winding con- 
nected to a galvanometer or alarm-relay. With a few exceptions 
this method is not applicable to the hardening of alloy steels. 

123. Measurement of Speed of Revolution.— Three motijiodH 
of measuring speeds of revolution, which d(;|)en(l upon electrical 
apparatus and are of great service in the operation and testing 
of electrical machinery, utilise respectively : (a) the variation in 
E.M.F. of a magneto-generator ; (i) the variation in frequeney 
of a magneto-generator or a contact maker ; {a) tlie stroboHCopic 
principle. 

(a) S^eed Measurement by Voitayc. — The E.M.F. of a constant 
field magneto-genei'ator varies nearly in direct proportion to the 
speed at which the armature is driven. Tlie machine is therefore 
direct-coupled or geared to the shaft, etc,, under investigation, 
and the deflection of a voltmeter connected to the magneto- 
generator is read on a scale calilauted in revolutions jxsr min. 
By using a D.C. generator in conjunction with a centrozero 
moving-coil instrument (§ 101) the direction as well as the spi-se*! 
of rotation can be signalled at a distant point. An A.U. generator 
of the rotating-magnet type needs no coiiuuutator or slip rings, 
and the direction of rotation can still be signalled by a phase- 
rotation indicator (§ 150). The scale of the A.C. indicating 
instrument is, however, less uniform, and tlie p>wer consumption 
is greater than that of the 11. (J. instrument. Special ty|>es of 
speed indicators and signal repeaters are made for use in nhips, 
aircraft, and colliery winding. 

(b) Speed Measurement by Frequeiwy, — The frequency of 
the E.M.F. developed by an A.U. magneto-generator varies 
directly with the speed of the machine, it may be measured 
by a reed- type frequency meter (§ 112) w^hich is calibrated to 
show the E.F.M. of the driving shaft or machine. Alternatively, 
a contact maker driven by the shaft, etc., concerned may be 
used to make and break a D.U. circuit which includes a reed-ty|>e 
frequency meter suitably calibrated. Bpeed measurement by 
frequency is exempt from error due to weakening of generator 
magnets. 
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(c) Stroboscopes. — If a disc bearing any geometrical pattern 
(except a concentric circle) be mounted on the shaft of a syn- 
chronous motor and illuminated by an arc lamp connected to the 
same supply as the motor, the disc will appear to be stationary 
because, at the moments of maximum illumination from the arc, 
the pattern on the disc is always in one of two definite positions 
relative to the poles of the motor if the latter is a two-pole 
machine. If the motor has more than two poles the pattern is 
seen successively in a series of definite positions; the apparent 
form of the pattern is changed but, as seen, the pattern is 
stationary. If, however, the motor driving the disc be an in- 
duction motor the pattern seen will revolve! slowly backwards 
(i.e. in the direction opposite to that of the motor revolution), 
the apparent speed of the pattern being the difierence between 
the synchronous speed of the motor and the actual r.p.m. of 
the rotor. This difference is the ‘ slip ’ of the machine (Chapter 
28). The principle involved in both the cases mentioned is that 
of determining an unknown speed by matching or comparing it 
visually with a known speed or frequency; the identity of or 
difference between two speeds can thus be determined with great 
accuracy over a wide range of values. 

Instead of using the fluctuating light of an AC. arc as the 
basis of observation, an electrically-operated tuning fork carrying 
a shutter may be used to open and cover a narrow slit through 
which is viewed a disc marked with a concentric series of toothed 
circles. If there be n glimpses through the slit per sec., and 
if there be iV teeth in the ring which appears stationary, it is 
clear that the disc makes (1 / A) of a revolution in (1 / n) sec., 

the speed of rotation is n J N revs, per sea"^ 

Special stroboscopic discs are supplied which assume difierent 
geometrical patterns at known speeds, so that from the appearance 
of the disc and the apparent direction and speed of its rotation 
it is possible to determine the actual speed over a wide range, 
with almost perfect accuracy and without taking any power from 
the machine under test. The relation between speed and time 
can be determined very accurately by pressing the key of a re- 
cording chronograph when the stroboscope indicates known speeds. 

* If there be a larger ring containing 2N teeth this will also appear stationary, 
hence the above calculation must be based on the smallest ring which appears 
stationary. 
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Another application of the stroboscopic principle is to the 
apparent arresting or slowing down of high-speed motion or 
cyclic events for examination at leisure. For instance, if an 
A.O. arc be viewed through a narrow slot in a disc driven by 
an induction motor connected to the same supply, the slip of the 
motor will cause the arc to be seen at a later moment in each 
succeeding cycle. If the motor has pairs of poles and n 
slip, the disc will make (100 — n) / 7ip revs, before the same 
point in the cycle of the arc is again seen. In other words, if 
a 2-pole motor with 2 % slip be used, one cycle of the arc will 
(apparently) be drawn out to occupy (100 — 2) / 2 == 49 revs, of 
the disc or about 1 sec. assuming 50-cycle supply. By re- 
tentivity of vision (as in a kinematograph picture) the 49 
glimpses of as many consecutive cycles will appear as one slow 
cycle accurate, unless there are differences between successive 
actual cycles or unless irregularities occur between the points 
‘ glimpsed ’ (such irregularities may be detected by reducing the 
slip of the motor, thus increasing the number of glimpses per 
cycle). 

The principle explained in the previous paragraph is employed 
in the Elverson ‘ osciUoscope ’ or ‘ slowing-down ' lamp. A neon 
lamp, mounted in a reflector which screens the observer from 
direct rays, is switched in circuit by a contact maker driven from 
the machine observed. If the flash is produced at the same 
point in successive cycles of the machine's operation the machine 
appears to be stationary. If, however, a creeper gear be used to 
advance the phase of the flash by rev. per revolution of the 
machine, then glimpses from 100 actual revolutions appear as one 
slow revolution. There is, in fact, an ^ optical gear ratio ' making* 
the machine appear to run at of its actual speed. By this 
device the conditions at a particular point in the cycle of operation 
or the events of a complete cycle can literally be seen under the 
actual working conditions of the machine. Aero engines, gear 
teeth, chains, dynamo brushes, and in fact the parts of any 
machine, whether in rotation or translation, can be examined and 
vibration can be located and analysed. 

124. Relays. — The function of a relay is to control the open- 
ing or closing of one or more circuits if and when predetermined 
conditions arise, such as current overload, reverse power, etc. 
In delicacy of construction and accuracy of operation relays are 

1 »7r\ 
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comparable with instruments, and they are generally made by in- 
strument makers. A relay to control or be operated by a certain 
electrical quantity generally works on the same principle as an 
instrument designed to measure that quantity ; indeed, the relay 
is often identical with the measuring instrument except that the 
indicating pointer and scale of the latter are replaced by a contact 
arm moving between fixed contacts. The functions and applica- 
tions of the more important types of relays are considered in 
Chapter 15. 

125 . Bibliography. — (See explanatory note, § 58.) 
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CHAPTER 4. 

GENERATORS AND THEIR ACCESSORIES. 

126. Sources of Electrical Energy. — Electricity being a form 
of energy it cannot be ' generated ’ in the strict sense of the word, 
but can only be obtained by conversion from some other form of 
energy. It is desirable that this fact should be realised, but hav- 
ing emphasised it, we may follow universal practice by speaking 
of electric 'generators' and the 'generation’ of electrical energy 
without qualification. Probably every form of energy can, by 
appropriate means, be converted into electricity, the losses inci- 
dental to the conversion varying with the initial form of energy and 
with the method of conversion employed. The principal sources 
and methods known at present are discussed in the Bucceeding 
paragraphs ; they are ; — 

(i) Electro-chemical generators or primary cells. 

(ii) Thermo-couples. 

(iii) The piezo-ettect. 

(iv) Electrostatic generators. 

(v) Dynamo-electric or electromagnetic generators. 

Of these well-defined types only the electro-chemical and dynamo- 
electric generators are of any importance as sources of electricity 
for lighting, power, and similar commercial purposes ; and for ail 
but weak currents, or under special circumstances, dynamo-electric 
generators are alone employed. Without dynamo-electric machines 
electrical engineering, as we know it, would be non-existent, but 
the other sources of electricity are of definite importance. 

127. Electro-Chemical Generators : Primary Batteries. — 
Although the terms are used somewhat indiscriminately, a 
'battery' more properly consists of a number of single 'cells’ 
connected together — each cell consisting of two plates or elements 
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of dissimilai" substances (one electro-positive to the other, vide 
Table 10) in a bath of ' electrolyte ’ which has a chemical affinity 
for one or both of them. Between the two plates there will then 
be a fixed diflference of potential, and if they are connected to- 
gether externally, a current will How in the circuit in accordance 
with Ohm's Law (§ 17 as modified in § 21). The electrical energy 
generated is due to chemical change in the elements and is pro- 
portional to it in amount. 

Conversely, a current from an external source will cause chemical changes to 
take place in a similar arrangement of plates and electrolyte, as in an electro- 
plating bath and the like. On this latter principle elements are obtained from 
their compounds by ‘electrolysis’; and accidental electrolysis, from leakage 
currents, or currents using ‘ earth ’ as a path, may also have a destructive ef ect 
on water pipes or the lead sheathing of wires and cables. 

The distinction between primary cells and secondary cells (Chapter 18) is as 
follows : The component parts of a primary cell are assembled in the form in 
which they are used, and then yield electrical energy as the equivalent of chemical 
action which proceeds until the active elements are consumed ; the cell is then 
exhausted and must be more or less completely rebuilt with fresh materials. In 
a secondary cell, on the other hand, the plates are ‘ formed ’ and brought to a 
suitable state of dissimilarity by passing electricity through the cell, which is then 
said to be * charged ’ and is capable of yielding a current by reversal of the 
chemical changes effected during the charging operation. When discharged, a 
secondary cell can be recharged as before, and the cycle can be repeated until the 
plates disintegrate or become deteriorated by permanent chemical action. 

The practical applications of primary cells are restricted to 
weak current services — suck as bell ringing, portable flash lamps, 
alarm and signal circuits, etc. — unless the convenience of electri- 
city and the absence of any other source thereof justify the 
abnormally high cost of producing it by chemical means. The 
electro-positive element or ‘anode' (generally zinc) is dissolved 
away in the electrolyte in proportion to the ampere-hours generated 
(§ 28), and the electro-negative element or ‘kathode’ (commonly 
copper or carbon) generally remains unaltered. The two elements 
constitute a galvanic ‘ couple.' The conventional direction of the 
current is from the anode, through the electrolyte, to the kathode 
and thence back to the anode through the external circuit ; the 
zinc or electro-positive element will therefore be the negative pole 
of the cell and the electro-negative carbon or copper will be the 
positive pole in a ZnC or ZnOu cell. In an electrolytic cell (e.g. 
a plating vat) the anode is similarly the plate through which the 
current enters the electrolyte and the kathode is that by which 
the current leaves the same. 
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Table 10 represents the electro-chemical series of certain 
metals, in which those occurring at the head of tlie list are said 
to be electro-positive relatively to those lower down ; the farther 
apart in the list the metals chosen, the higher the E.M.F. pro- 
duced. 


Table 10. — Electro-chemical Series of Metals. 


1. Potassium. 

2. Sodium. 

3. Magnesium. 

4. Manganese. 

5. Zinc. 

6. Iron. 


7. Cadmium. 

8. Nickel. 

9. Cobalt. 

10. Lead. 

11. Tin. 

12. Bismuth. 


13. Copper. 

14. Mercury. 

15. Silver. 

16. Platinum. 

17. Gold. 

18. Antimony. 


The E.M.F. developed in a primary cell composed of any two of 
these elements in a suitable electrolyte is proportional to the heat 
of formation of the resulting compound. 

Various types of primary cell are made according to whether 
a considerable steady current is required or merely an occasional 
momentary current, as for electric bells, and so forth. In a cell 
of the original type devised by Volta, the electrodes are zinc and 
copper, and the electrolyte is dilute sulphuric acid ; when such a 
cell is in use it ' polarises ’ rapidly owing to hydrogen collecting 
on the copper, thus increasing the internal resistance of the cell 
besides establishing a back E.M.F. which reduces the E.M.F. 
available at the terminals. In the Daniell cell the zinc anode is 
in sulphuric acid contained by a porous pot, the latter being im- 
mersed in an outer vessel containing the copper kathode and a 
solution of copper sulphate ; copper instead of hydrogen is liberated 
at the kathode of this cell, polarisation is eliminated, and the 
E.M.F. remains so nearly constant (at IT V) that the ceU can be 
used as a standard cell (§ 128) for rough standardisation tests. 
The bichromate or Fuller cell uses zinc and carbon electrodes with 
sulphuric acid as active electrolyte and potassium bichromate as 
depolariser: this cell has high E.M.F. (2*2 V) and low internal 
resistance, and is therefore suitable where relatively heavy current 
is required. The Leclanche cell uses zinc and carbon electrodes 
in an electrolyte of sal-ammoniac, with manganese dioxide as 
depolariser round the carbon ; when suitably constructed this cell 
is capable of maintaining irrelatively heavy current for long 
periods, but the ordinary porous-pot type polarises quickly ; the 

‘1 n A 


GENERATORS AND THEIR ACCESSORIES § 129 

E.M.F. is about 1*45 V per cell. So-called ‘dry’ cells are of the 
Leclanche type with only sufficient water added to render the 
paste between the electrodes a reasonably good conductor; the 
internal resistance is much higher than that of the wet-type cell, 
and whereas the latter deteriorates very slowly on open circuit,* 
a ‘ dry ’ cell becomes exhausted by ‘ local action ’ within a few 
weeks or months of its being moistened, even though no current 
be taken for an external circuit. 

128 , Standard Cells. — For the accurate determination of 
electric pressures ‘ standard cells ’ are used, these being primary 
batteries whose potential difference at any temperature is very 
accurately known; practically no current is drawn from them, 
the E.M.F. being merely balanced against a known proportion of 
the E.M.F. to be determined (§ 95). The Clark standard cell 
consists of zinc and mercury, in an electrolyte of mercurous and 
zinc sulphate. Its E.M.F. is 1 * 432 8 V at 15° C. decreasing by 
0 * 083 per 1 ° C. rise of temperature. The Weston normal 
standard cell, which is now more generally used, employs cadmium 
amalgam instead of zinc and cadmium sulphate instead of zinc 
sulphate. The E.M.F. is 1* 018 3 V at 20° 0. and the tempera- 
ture coefficient is almost negligible, viz. 0 * 004 % per 1 ° C. 

It is important to note that a standard cell should be regarded 
as a generator of known E.M.F. and not as a source of current. 
It should be used only to calibrate potentiometers (§ 95), no 
current flowing through the cell when balance is established. 
During the process of balancing, the cell should be in circuit for 
as short a time as possible because it is subject to appreciable 
polarisation, and its E.M.F. (on open or balanced circuit) then 
differs from standard until depolarisation has been effected ; this 
may take hours if much current has passed through the cell. 

129 . Thermo-couples. — If two wires of different metals be 
joined at their ends and one junction be hotter than the other 
there is produced a thermo-electric E.M.F. which sends a current 
round the circuit so long as the temperature difference between 
the two junctions is maintained. Many attempts have been made 


* The zinc gradually becomes encased by crystals which should be scraped off, 
the clean metal then being re-amalgamated with mercury. The porous pots in- 
crease in resistance from a similar cause and the depolariser becomes exhausted ; 
the pots may be ‘ revived * to a considerable extent by soaking them for 24: hrs. 
in weak hydrochloric acid (1 part commercial acid to 5 parts water). 
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to utilise this property for the direct conversion of heat to elec- 
trical energy, but the practical difficulties are great and apparently 
insuperable. The E.M.F. is low, say 5 mV per 100*^ 0. difference 
in temperature between the junction as an average (§ 122), hence 
an enormous number of couples are required in series to produce 
even 100 V ; similarly, an immense number of such groups must 
be coupled in parallel to give any commercially useful current. 
The cost of assembling and maintaining the couples is high and, 
finally, the overall efficiency is low because, although the losses of 
the steam engine or turbine are avoided (§ 166), the absorption of 
heat by the hot junctions is of indifferent efficiency and the heat 
conducted along the couples must be lost by radiation or removed 
by artificial cooling of the cold junctions. Though there seem to 
be no prospects for thermo-couples as generators of electricity 
for commercial purposes, they are most valuable in pyrometry 
(§ 122). Thermo-electric E.M.F. is also important as a possible 
source of error in measuring instruments and circuits (§ 107). 

130. Piezo-Electric Effect. — The application of mechanical 
pressure to crystals of certain substances — among them tour- 
maline, quartz, and fluorspar — on diametrically opposite faces 
parallel to the major axis of the crystal, sets up a P.D. between 
the faces perpendicular to those on which the mechanical pressure 
is applied. This phenomenon offers a means of obtaining small 
known charges of electricity for purposes of research on radio- 
activity, atomic structure, etc. It has been suggested* that the 
converse phenomenon, vi^. mechanical distortion of the crystal 
by the application of a P.D. to its faces, is partially responsible 
for the gradual deterioration of high-tension porcelain insulators 
in service. The piezo-electric effect is of no present importance 
as a means of obtaining a continuous flow of electricity. It has 
been utilised in the measurement of high pressures f (in guns, 
etc.) up to 50 000 lbs. / sq. in. Applications of the piezo-electric 
effect to microphones and gramophone reproducers are described 
in ‘Commercial Piezo-Electricity,’ E. W. C. Russell and A. F. R. 
Cotton. El. Rev., vol. 92, p. 284. 

131. Electrostatic Generators. — It is well known that when 
two dissimilar substances are rubbed together they become elec- 
trified ; for instance, the vulcanite cap of a fountain pen, after 

*W. D. A. Peaslee, JoK/r. Amer. Vol. 89, p, 4^7. 

*1* Bureau of Stau^-ards, Scientific Paper No. 446, 
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being rubbed on dry cloth, will pick up fragments of paper by 
electrostatic attraction. This phenomenon is applied to the pro- 
duction of very weak current at high voltage in the frictional 
machine which consists of a disc or cylinder of glass rotated be- 
tween rubbing pads of soft leather; the charge produced on the 
glass is drawn off by metal combs. Greater quantities of elec- 
tricity can be produced with greater ease and certainty by 
influeoice machines, of which the Wimshurst pattern is the 
best known, though not the most efficient. The principle 
employed in influence machines is that of rotating two carrier 
plates about a spindle placed between two fixed plates. The 
fixed plates are given small initial charges of opposite polarity 
(by friction). With the carrier plates temporarily connected 
electrically to each other and placed adjacent to the fixed plates, 
the positive fixed plate induces a negative charge on the carrier 
near it, and the negative fixed plate induces a positive charge on 
its carrier. The positive charge repelled from the first carrier 
is neutralised by the negative charge repelled from the second 
carrier. The connection between the carriers is now broken, 
leaving isolated positive and negative charges upon them, and 
the spindle is turned through half a revolution thus bringing the 
carriers to the similarly charged fixed plates to which they add 
their charge. By multiplying the number of fixed and moving 
plates and perfecting the mechanical details influence machines 
have been constructed which need 1 h.p. or more to drive them 
and which yield an output of several milliamperes at a pressure 
in the neighbourhood of 500 000 V (sufficient to break down a 
12-14 in. air gap). Modern influence machines find applica- 
tions in electro-therapeutics. X-ray production, electro- culture 
(Chapter 33), testing materials, electrostatic separation and pre- 
cipitation (Chapter 38), etc. In his book on the subject (§ 152), 
V. E. Johnson estimates that the efficiency of the best influence 
machines is about 45 7o> states that there is no theoretical 
reason why the efficiency should not be as high as that of dynamo- 
electric generators. The same author describes a i h.p. electro- 
static motor of his own design and construction. Though it is 
improbable that electrostatic generators and motors can ever 
compete with high-power electromagnetic machines, their de- 
velopment should not be overlooked. 

132. Dynamo-Electric or Electromagnetic Generators.— 
VOL. I. 177 12 
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The dynamo-electric generator — usually termed a ' dynamo ’ or 
‘ generator —is a machine for converting- mechanical power into 
electrical power, through the medium of ehictromagruitie induc- 
tion (§ 35); to be effective, it must be driven ]>y mechanical 
power, viz. steam, gas, oil, water, or other ; this is converted by 
electromagnetic induction into electrical energy. Tlie broad 
principle on which the working of generators is based will be 
seen from Figs. 28 and 29 from the late Professor ThoinpHOiPs 
Elementary Lessons in Electricity and Magnetism. 

These figures are identical except as regards th(‘ arrangements 
for collecting the current. In both a coil of conducting wire, 
which may have any number of convolutions, is so placed that it 
can be rotated between the north and south jsdeH (JV, S) of a 
manent steel magnet; in so doing the coil cuts across the lines of 
magnetic force, which run from pole to pole, and an is 

consequently induced in the coil The latter (the armature or 



Fig. 28. — Diagrammatic representation Fig. 29.— Diagrarnniatic repnsiiiiiilatiori 
of electric generator, with current of okK:tri(5 gcaomtor, with mimmt 

collection from slip rings. college tion from eommutator. 

rotor) in the figure is supposed to be spun around the longitudinal 
dotted axis, the upper portion coming towards the observer. The 
arrows then show the direction of the induced current in the 
wire, assuming that there is a closed electrical circuit, between 
the ends of the external wires, in which the currant can iow. If 
there is no such circuit an KM.F. is nevertheless induced, tending 
to cause a current to flow in the same direction ; but as the re- 
sistance is infinite the current is nil. When the coil is at right 
angles to the position depicted, it is neutrally placed with respect 
to the poles of the magnet, and for the moment no RM.F. is in- 
duced and no current flows ; thereafter the part of the coil that 
was under the influence of the north pole comes under that of 
the south pole, and vice versa, so the direction of the E.M.F. (and 
of the consequent current in the coil, if any) reverses. This 
reversal happens twice in each revolution, so that an * alternating ’ 
current (§ 11) is invariably generated in the boils.^ 

* This statement does not apply to homopolar generator (§ 187). 
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Herein lies the distinction between Figs. 28 and 21). In the 
former the two ends of tlie coil of wire are cunntjctijd to two in- 
dependent metal contact rings, each with a (^olhjcfcor or ' brush ' 
rubbing against it, so that the alhu-nating eurrcmt is h‘<l away as 
it is generated to the external circuit, 'bhescj two rings will 
alternately be + and - at each half revolution of th(3 coil. In 
Fig. 29, however, there is a single contact ring, or connnutatori 
split hox’izontally, au<l revolving with the coil, with lixc^d brnshi^H 
rubbing on it above and Ixilow; at tin*, moment the wavi? of 
current in the coil lias died down to zero, as (explained above, tint 
brushes cross tlui gap in tluj ring and conHe<|ue,ntly rtiVin-Hij their 
connections to the ends of the coil. coimtictions of tlie 

armature coil to the external circuit are reverH(;<l .slmultaucously 
with the reversal of current flow in the annaturt^ winding, so 
that the alternating current in the coil is commuted into a uni- 
directional or rectified current (§ 1*1) in the i3xternHl circuit. 
The top brush will then be always positivt^ and the lowc‘,r brush 
negative. It must be remembered that relatim motion of tlie 
magnet system or ‘field’ and the coil system or ‘armature’ is 
essential; amsecpzently, if Uie coil is stationary ami the nmgnet 
is revolved arouml it in the opposite dirc^ction, precisi'ly the same 
results will follow; both methocls are in fact uscsl.^ In actual 
generators used for power purpos<^s the permanent, magnet is 
replaced by an electromagnet or a uumb(‘r of (?hH;tromagneiH 
(§ 32), while a stiries of armatuns coils rt^place the single, coil ; and 
the two-part commutator (in a <Iynamo) is replaced by one wdth 
many segmantB, corTeH|K)nding with the numbi^r of coils. Kach 
coil then in turn generatijs its own wave, which is rectified liy tlm 
corresponding segments of the commutator, and the resiill is that 
all the separata waves of current overlap, and the HUcceHsion of 
waves of rectified alternating current becomes a continuouH 
current, as explained in |§ 13, 14. 

The tenn * dynamo’ is generally reserved for «!irect or con- 
tinuouB current generators (Big. 29), machines which delivi^r 

^Though th® of a imgmih ftisld mid ihii dira,ai«iti ut llf>w *4 a 

ourrenfc in a conductor ar® mafctow of aawim&ion 127) there in ii chifinitii 

relation befcwi^n the conventional direc^tiona ot field and curnint and tliai of thii 
relative motion between the field and the o«rrent*carrying conductor, l^rofiinifir 
Fleming’s rule or mnemonio for the dotormination of tlie third of th«i tmUm 
when any two are known ia stated in | S5. 

179 


f 


§ 133 ELECTRICAL ENGINEERING PRACTICE 

alternating current to the external circuit (Fig. 28) being termed 
‘alternators.’ 

) Reversibility of Oenerators; Motors.— Iv. theory, and for the most part in 

practice also, an electric generator is reversible, and can be used also as a motor.* 
I In the two diagrams of a simple dynamo and alternator above, if continuous or 

alternating current (as the case may be) is supplied to the brushes from an ex- 
I ternal source the coils will revolve. The current creates a magnetic field around 

I ' the coil (§ 32), which is under the influence of the steel magnet, and the tendency 

of the coil is then to set itself at right angles to the poles of the steel magnet. 
I But the reversal of the direction of the current by the commutator in the one 

I case and by the natural alternation in the other case, occurs just at the right 

I moment to cause the coil to make another half turn ; and so on indefinitely. By 

increasing the number of coils this primitive machine is converted into a practical 
I , motor. While the coil is thus revolving in a magnetic field, an E.M.F. is gener- 

I ated in it by induction, opposing the applied or impressed E.M.P. of the circuit 

I as mentioned in § 35; this is called the back- or counter-E.M.F. (Chapter 28). 

i 

i 133- Component Parts of Generators. — From the preceding 

paragraph it will be seen that, according to the method of current 
I collection, the same machine can theoretically be used as either a 

continuous-current generator or an alternating-current generator, 
I and this is actually done in the case of the rotary converter 

(Chap. 17). As a rule, however, the general arrangement of D.C. 
and A.C. generators is different for reasons stated below. In a 
dynamo the magnets are fixed and the drum of rotating coils 
i (wound on a laminated iron core), in which current is induced, is 

‘ called the ‘armature.' The wave of current is rectified by the 

‘commutator,’ which is a cylindrical body, mounted on the shaft 
of the armature and revolving with it, consisting of a large 
number of radial conducting bars insulated from one another, but 
electrically connected to the coils of the armature winding. The 
‘ brushes ’ make contact with the commutator, as shown in Fig. 
29 (§ 132), collecting and conveying the current to (or, in the 
case of motors, from) the external circuit.f 

* Sometimes, as in balancing motor-generator sets, tbe two functions are in- 
tentionally combined in a single machine, which is working at one moment as a 
motor and the next as a generator (Chapter 20). 

t Carbon brushes are now employed almost universally because they facilitate 
sparkless commutation. In practice there are many coils on the armature and a 
corresponding number of bars in the commutator. The width of the brush is 
limited (for reasons of commutation) to that of two or three commutator bars and, 
as the current-carrying capacity of carbon is low (§ 66), it is generally necessary 
to use two or more brushes on each spindle, Le, on each line of current collection 
from the commutator. To prevent the brushes from wearing grooves in the 
commutator they are staggered so that their tracks overlap. If there are more 
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Mdtker cC' PluU, Ltd. 

D.C. Generatoe Driven through Gearing from a Steam Turbine. 

Geared turbines are now used extensively to drive A.C. or D.O. generators of 
from 500 to 2 500 kW capacity. The main advantage in A.O. installations is that 
the turbine can be run at much higher speed, and can therefore be designed more 
efficiently, than if direct coupling were employed. Dor D.C. work there is the 
additional advantage that the generator can be designed on ordinary lines, avoiding 
the mechanical and commutation difficulties associated with high speeds. The 
illustration shows a generator rated at 500 kW, 125 V, 4 000 A, and particular 
attention is called to the large commutator and separate yoke for the brush gear 
needed to deal with this heavy current. 


Robey cv uo., L 

1 100 I.H.P. ‘ Uniflow ’ Engine Direct-coupled to a D.O. Generator. 

In the ‘uniflow* engine the whole range of expansion of the steam from 
boiler pressure to condenser pressure is effected in a single cylinder. The steam 
flows from the inlet valves at each end of the cylinder to the exhaust ports at the 
centre and never in the reverse direction, hence the live steam does not come in 
contact with surfaces cooled by the exhaust. This greatly reduces condensation 
losses and it is claimed that the ‘uniflow’ engine is as economical as a triple- 
expansion engine. 
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GENERATORS AND THEIR ACCESSORIES § 134 

The system of electromagnets in a generator, with their 
energising coils, creates the magnetic 'field,’ and the coils are 
called the field 'winding’ or 'field magnets.’ The exciting or 
field current may be obtained from the armature of the generator 
itself in the case of a D.C. machine (§ 138) or a separate 'exciter ’ 
dynamo may be used (§ 140) ; in the former case the machine is 
'self -excited,’ in the latter 'separately excited.’ Alternators are 
necessarily separately excited. The use of interpoles is discussed 
in § 139. 

In an alternating current machine the fixed part is called the 
' stator,’ and the moving part the ' rotor ’ ; either may consist of 
the field system or of the coils in which the current is induced, 
but it is generally more convenient to place the alternating current 
windings on the stator, continuous current being then led to the 
field coils on the rotor through slip rings. 

A ' slip ring ’ or ' collector ring ’ is a plain conducting ring, 
revolving with the shaft, for effecting (by means of a bimsh) a 
sliding connection between a fixed conductor and a revolving con- 
ductor (Fig. 28). Slip rings are used for conveying continuous 
current to a revolving magnet or for conveying alternating current 
to or from a revolving armature. In a D.C. or A.C. motor the 
component parts correspond to those in a generator ; motors are 
further considered in Chapter 28. 

Unlike motors, generators are usually placed in dry, clean 
stirroundings and have all the advantages of skilled supervision ; 
it is therefore generally unnecessary to enclose them in the sense 
that motors are enclosed as protection against dust, moisture, etc. 
(Chapter 28). Where very large generators are concerned, how- 
ever, the amount of heat to be dissipated from the windings is so 
great that the natural ventilation from an open type of con- 
struction is inadequate, and it becomes necessary to enclose the 
machine so that a forced current of air may be driven thi'ough it 
(§146). 

134. Types of Generators and Supply Characteristics. — 

Classified according to the form in which electrical energy is 
delivered to the external circuit there are two main classes of 
generators, viz. continuous-current generators and altemating- 

tlian two brush spindles alternate j)airs of spindles and 7wt alternate spindles 
should be staggered. Bach positive brush then runs on the same track as a 
negative brush and uneven wear due to polarity effects is eliminated. 
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current generators, but each of these classes may he subdivided, 
according to the electrical characteristies of tlie types of generators 
available in each group. The homopolar or acyclic D.C. generator 
(§ 137) is characterised hf the fact that it has no commutator; 
and series-wound, shunt-wound, and compound-wound D.C. 
generators (§ 138) have quite different voltage-load curves owing 
to the different methods by which they arc excited. Alternators 
may be single-, 2-, or 3-phasc machines ; the distinction between 
the three types is explained in §§ 11, 15, 10. 

The relative merits of continuous current, single-phase current, 
and 3-phase current in relation to the transmission and distribu- 
tion of electricity are considered in Chapters 14 and 20. (See also 
Chapters 28 and 32.) For heating and cooking D.C. and A.C. 
are equally suitable (§ 29), except that A.C. supply offers the 
possibility of easy transformation to low pressures where re- 
quired. For lighting by filament lamps A.C. of 50 cycles per sec. 
or higher frequency is for all practical purposes quite as suitable 
as D.C. supply. For power applications D.C. motors have the 
advantage of excellent starting and speed-control characteristics 
(Chapters 28, 29), and where these cliaracteristics are particularly 
required it is essential to use continuous current. The total load 
on modern stations is, however, so gi'eat that it is economically 
essential to use high pressure in all but local feeders and con- 
sumers’ circuits ; the supply up to the eonsumers’ premises is at 
not less than 3 000 V where large industrial loads are concerned. 
This consideration, and the fact that the pressure of A.C. supply 
can be changed by static transformers, whereas D.C. requires the 
use of rotating machinery for pressure changing (Chapter 17), 
has made A.C. generation and transmission standard in all new 
installations. Of the three main types of A.C. supply— single, 
2-, and 3-phase — 2-phase current offers no advantages and is not 
likely to be employed in any new generating plant Three-phase 
current is immeasurably superior to single-phase current for 
general power applications, and where a simple 2-wire supply is 
required (as for domestic lighting, small motors, etc), it can be 
taken from S-phase mains provided that the total single-phase 
load is distributed reasonably uniformly between the three-phases 
of the main supply. In small stations the simplicity of single- 
phase circuits, switchboards, and instrumente is a consideration, 
but, in this country, the majority of such stations will ultimately 
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become distributing centres taking supply in bulk from 3-phase 
generating and transmitting systems (§ 186). 

The standard station pressure (§ 23) for new installations in 
this country are 242 V and 484 V for D.C. systems, and 457 V, 
3 300 V, 6 600 V, 11 000 Y, 33 000 V, 66 000 V, 110 000 V, and 
132 000 Y for 3-phase systems. In the latter 11 000 Y is the 
highest pressure (between phases) for which generators are 
usually wound, and 6 600 Y generators are usually the most 
economical ; higher ‘ station pressure ’ is obtained by connecting 
transformers between generator and line. 

The standard frequency of A.C. supply in this country is 
50 cycles per sec., with 25 cycles per sec. as a secondary standard 
(§ 12); in America 60-cycle supply is used very extensively. 
The effects and importance of frequency are discussed in the next 
paragraph. 

135. Effects of Frequency in A.C. Circuits. — No frequency 
of supply can be said to be preferable to all other frequencies ; 
higher frequency is more favourable to some parts of a complete 
system and less favourable to others, hence the frequency adopted 
must be in the nature of a compromise. In any A.C. circuit the 
frequency of supply has as much effect as the voltage on the 
characteristics of the circuit, but whereas the voltage can be 
changed easily and efficiently by use of static transformers, it is 
rarely practicable to change the frequency. The principal effects 
of changes in frequency are its effect on: (I) the impedance of 
an A.C. circuit (§§ 44, 46) ; (2) the E.M.F. induced by an alter- 
nating flux: (3) the synchronous speed of generators^ motors, etc. 

1. Frequenmj and Impedance , — The inductive reactance of a 
circuit is Al = ^irfL ohms (§ 44), and thus increases directly 
with the frequency. The pressure drop due to the inductance of a 
given transmission line, choking coil, or other inductive apparatus, 
therefore, increases in proportion to the frequency. The capacity 
reactance on the other hand, is Ac = 1 / ^tt/G (§ 46) and, therefore, 
decreases with increasing frequency. The capacity of a circuit 
is equivalent to a negative resistance as regards pressure regula- 
tion, i.e. the voltage along the circuit is increased, and to an ex- 
tent which increases with the frequency. When the capacity 
reactance equals the inductive reactance, the condition of resonance 
(§ 47) is established ; the frequency is of equal importance with 
the inductance and capacity in determining the resonance. The 
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charging current of a transmission line (or any other condenser) 
increases as the frequency rises. For short distances and low 
voltages the higher reactance drop in transmission lines at higher 
supply frequencies is of appreciable importance, but in long dis- 
tance, high-voltage lines the capacity effect is important, and the 
net voltage regulation is quite satisfactory at 60 cycles / sec. 
(the highest frequency used in long-distance lines). 

The pressure drop due to skin effect (§ 38) increases with the 
sectional area and magnetic permeability of conductors, and with 
the frequency of supply (§ 309). It is an important factor in 
steel conductor rails (Chapter 35) ; in these, the pressure drop 
due to reactance and skin effect is roughly twice as great at 
50 cycles as at 15 cycles / sec., and is 5 or 10 times as great at 
50 cycles / sec. as with direct current, according to the current 
density employed. The eddy current loss in stator conductors 
increases with frequency, and has to be taken into consideration 
in the design of large generators. 

2. Frequency and, Induced EM.F, — The general formula for 
the E.M.F. induced in a coil of T turns by an alternating magnetic 
flux of maximum value (^, and of frequency /, in : E = kf<pT, 
where is a numerical factor. Two cases arise : (i) that of a 
particular winding (i.e, T constant) used on or subjected to 
different frequencies ; (ii) that of a winding in which the number 
of turns is varied so that the maximum flux <j) is the same at two 
different frequencies /i,/ 2 . It is assumed that, in both cases, the 
applied or induced E.M.F. E is the same. These assumptions 
involve the product being constant in case (i), and the product 
fT being constant in case (ii). 

Case (i) is that of a winding designed for one frequency and 
operated on another. The consequences are : — 

(a) Beduced frequency / demands greater flux, <f>, for the same E.M.F., E. 
This involves increased magnetising current and lov 7 er power factor. 

(b) The hysteresis loss (§ 34) increases with but this increase is partly 
compensated by the lower frequency with which the cycle is completed. 
The eddy current loss (§ 39) varies with <p^j and is, therefore, constant 
in the case considered. 

(c) The higher magnetising current required to produce the greater flux in- 
volves higher copper loss and, therefore, reduced efficiency. 

Case {ii) is that of a constant-flux winding, the number of 
turns in the latter being varied to suit the changed frequency. 
In this case^ T is increased as f decreases, remaining constant. 
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but at the lower frequency a higher flux density is permissible 
for the same hysteresis and eddy current losses, hence the iron 
circuit may be lighter (§ 41). At 40 or 50 cycles / sec., or higher 
frequencies, the iron losses often determine the permissible flux 
density, whereas at 25 cycles and lower frequencies the limit to 
flux density is that of magnetic saturation (§ 43). 

3. Frequency and Synchronous Speed. — The relation between 
the ‘ synchronous speed * n r.p.m. ; the number p of pairs of 
magnetic poles in a generator, motor, etc. ; and the supply fre- 
quency f cycles / sec., is n = 60/ / p. This formula gives the 
actual speed of any synchronous machine (e.g. alternator, syn- 
chronous motor, rotary converter), but the actual speed of an 
induction motor is less than the synchronous speed by the amount 
of the slip which varies with the design of the machine and in- 
creases with the load. 

The synchronous speeds of machines with from 2 to 12 poles, 
when operating on supply frequencies of 15, 25, 50, and 60 
cycles / sec. are shown in Table 11. These figures show clearly : 

Table 11 . — Synchronous Speed at Various Frequencies. 


Number of 
Field Poles. 

Synchronous Speed, Revs, per Min., with Supply 
Frequency. 

15 Cycles. 

25 Cycles. 

50 Cycles. 

60 Cycles. 

2 \ 

900 

1500 

3 000 

3 600 

4 

450 

750 

1 500 

1 800 

6 

300 

500 

1000 

1 200 

8 

225 

375 

750 

900 

10 

180 

300 

600 

720 

12 

150 

250 

500 

600 


(i) The fewer number of poles required at lower frequency for 
given speed (r.p.m.), and hence the advantage of low-frequency 
supply where motors of very low speed are required. Except in 
very heavy driving {e.g: steel mills) it is cheaper to use high- 
speed motors with gear reduction; 50-cycle supply is then as 
convenient as 25-cycle supply. (ii) The greater number of 
available synchronous speeds where higher frequency is employed, 
e.g. only one intermediate speed between 500 and 1 500 r.p.m. 
with 25-cycle supply, compared with three speeds when 50-cycle 
supply is used. This is an important consideration, 
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4. Influence of Frequency in Specific Applications. — The 
general effects of high and low frequencies, within the range of 
values used in commercial supply, maybe summarised as follows : — 

Generatoes. — The maximum speed for a 15-cycle generator is 900 r.p.m. 
(Table 11) which, is low for driving by steam turbine. At 25-cycles a 2-pole 
machine must be used for 1 500 r.p.m., whereas a lighter 4-pole machine could 
be used for 50-cycles and the same speed. The iron losses are lower at lower 
frequency. The electrical phase angle corresponding to a given mechanical dis- 
placement of the rotor is smaller in low-frequency than in high-frequency gener- 
ators for the same speed ; this means that engine-driven generators can be operated 
in parallel more easily and stably at low than at high frequencies ; the distinction 
does not arise where turbines are used because these have no cyclic irregularity 
of speed. Large turbo- alternators (say 15 000 kw.) are about 10 °/o dearer for 
25 cycles than for 50 cycles. 

Transformers. — The efficiency of a particular transformer is higher at higher 
frequency for the same E.M.F. (see (2) Case (i) above). On the other hand, in the 
case of transformers designed for the frequency on which they are operated, the 
losses are lower at lower frequency; if the maximum flux density is limited by 
the permissible iron losses the low-frequency transformer is at an advantage, but if 
special low-loss steel be used the permissible flux density is determined by satura- 
tion, and the less weight of steel required in a 50-cycle transformer compared with 
a 25-cycle transformer more than compensates for the higher losses in the former. 
Modem 50-cycle transformers are generally 25 to 30 °/o lighter and about 25 °/o 
cheaper than 25-cyole transformers for the same output. 

Transmission Lines. — As explained in section (1) above, lowei; frequency 
results in lower voltage drop unless the electrostatic capacity of the line is con- 
siderable in which case the inductive drop may be reduced, balanced or even over- 
balanced (§ 318). 

Motors. — At given speed a synchronous motor is pulled out of step or caused 
to * hunt ’ more easily if the frequency be higher because the number of poles is 
then greater (Table 11) and the electrical displacement corresponding to given 
mechanical displacement is greater. 

A given induction motor will generally operate satisfactorily with + 10 
variation from the frequency for which it was designed. For given synchronous 
speed, the number of poles required decreases as the frequency is lowered (Table 
11), and the fewer the poles, the higher the power factor (Chapter 28) and the 
higher the overload capacity. On the other hand, the low-frequency motor is 
generally larger and more expensive. For equal power factor a low-speed 25- 
cycle machine is smaller and cheaper than a 50-cycle motor, but as the condenser 
capacity required to compensate for the wattless component is relatively less at 
higher frequencies (§ 160 a), the 50-cycle machine can compete if it is designed 
for low P.F. and used in conjunction with a phase advancer ; this is practicable 
only in the case of large motors. 

The series-wound single-phase commutator motor is the principal machine 
benefiting by a supply frequency lower than 25 cycles. The inductance drop in 
the field and armature windings decreases as the frequency is lowered, and the 
power factor and efficiency are therefore improved. At the same time, the E.M.F. 
induced in the coils short-circuited by the brushes is reduced, and commutation 
is better at lower frequency. Where these motors are used for traction a fre- 
quency of 15-cycle3 / sec. is sometimes employed, but below 25-cyoles there is a 
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^isk of slipping at the driving wheels due to variations in the torque which is 
Necessarily zero every half-cycle in a single-phase motor. For the same service 
l5-cycle motors of this type are lighter than 25-cycle motors and, since greater 
Output can be obtained from a 15-cycle motor of given size, it is often possible to 
Nse fewer motors on the train. This more than compensates for the lighter 25- 
oycle transformers. 

Lighting-. — Arc lamps operate more steadily and efficiently on 50-cycle than 
On 25-cycle supply, but filament lamps operate equally well on all frequencies 
N.bove 25-cycles / sec. At lower frequencies flickerbecomes evident particularly if 
the mass of the filament be small. 

Botaey Convbbtebs. — For many years the performance of rotary converters 
'Was much better at 25 than at 50-cycles / sec., but by improvements in design and 
Construction — ^notably the use of higher peripheral speeds and the use of com- 
Niutating poles — rotary converters for 50 or 60 cycles / sec. have been made 
^practically equal in cost and efficiency to those for 25-cyole supply. Where high 
'Voltage D.C. is to be used for traction service, low-frequency A.C. primary supply 
ofiers some advantage in that single-commutator rotary converters can be built 
for 3 500 V D.O. when the A.C. supply is at 15 cycles, 2 OCO V when the supply is 
at 25-cycles, and only 1 000 V when the supply is at 50-cycles. 

Fbequbncy Changbbs. — These machines may be used to raise or lower the 
supply frequency to suit the special requirements of a particular load, but generally 
they are used as a link between interconnected distribution systems of different 
Supply frequencies. The ratio of the number of poles on the two sides of the 
machine must equal the ratio of the two frequencies ; the 2 : 1 ratio between 50- 
and 25-cycle systems makes possible a much cheaper frequency changer than the 
24: : 10 pole combination required between 60- and 26-cycle systems. 

(5) Standardisation of Frequency . — For twenty-five years or 
longer the balance of favour has oscillated between 25-cycles on the 
one hand and 50 or 60-cycles on the other. In the present state 
of electrical practice there is no radical difference between the costs 
and efficiencies of apparatus designed for 60- and 25-cycle supply 
so far as general power and lighting services are concerned. The 
technical distinctions between 60- and 50-cycle supplies are 
practically negligible. There is no likelihood of a frequency 
higher than 60-cycles / sec. being employed in any new supply 
system. In America both 60- and 25-cycle supplies are used 
very extensively, but the higher frequency is likely to predominate. 
In this country the Electricity Commissioners have decided upon 
a policy of eliminating all odd frequencies (of which there are at 
present many), ultimately reducing the main frequencies in use to 
50- (standard), 40- and 25-cycles / sec. Apart from the advantages 
of unification in reducing the capital expenditure on turbo- 
alternators, transformers, motors, etc., and the simplification and 
economy in manufacture due to the employment of fewer types of 
plant and apparatus, the adoption of a common frequency would 
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remove engineering difficulties in the interchange of energy 
between different undertakers and the ultimate linking-up of 
districts. Financial considerations, however, make it impractic- 
able to alter the frequency in existing installations by any pro- 
cess of substitution. All that can be hoped for is ultimate 
restriction to the frequencies (50, 40, and 25 cycles) now used in 
the principal supply systems of the country. 

136. British Standard Rating for Electrical Machinery — 
The International Electrotechnical Commission’s Rules for Electri- 
cal Machines (I.E.C. Publication 34) and the B.E.S.A. Report No. 
72 attempted to eliminate the somewhat contradictory term ' over- 
load capacity ’ from the rating of motors, generators, and trans- 
formers. In the third edition of this book, however, the opinion 
was expressed (p. 254) that it would be long before the term 
‘overload’ was finally abandoned. Since then it has been found 
commercially expedient to restore ‘ overload capacity ’ as part of 
the standard rating of electrical machinery. This is done for in- 
dustrial electric motors and generators with Class A insulation* 
by B.E.S.A. Report No. 168, which replaces Report No. 72 in 
so far as it applies. Other B.E.S.A. Reports will doubtless 
modify the standard rating of other machinery covered by Report 
No. 72 in the same sense, and the I.E.O. (at the time of writing) 
has under consideration the adoption of an additional international 
rating for industrial machines, providing for a lower temperature 
rise and associated with a capacity for a sustained overload. f 
Thus, whilst there is a goodi prima facie case for basing the rating 
of a machine (motor, generator, transformer, etc.) upon the out- 
put which includes the ‘sustained overload capacity,’ it may be 
assumed that the established industrial practice of distinguish- 
ing between the ‘ rated ’ output and the ‘ overload capacity ’ of 
machines will receive official recognition. 

The B.E.S.A. reports should be studied in the original (the 
cost of the publications being nominal) for full particulars as to the 
British Standard Ratings, but the following summary 

of the rating clauses in Report No. 168 will serve for general 
information : — 

* Cotton, silk, paper, and similar materials wh.en impregnated or immersed in 
oil, also enamelled wire. 

t After much discussion, agreement was reached at the Geneva (1922) meeting 
of the I.E.O. ; but the decisions arrived at, and reported in the technical Press, re- 
quire confirmation at a plenary meeting. 
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This specification applies to industrial motors and generators of 1 kW 

or kVA and upwards per 1 000 r.p.m. wound for pressures not exceeding 7 000 Y; 
and does not apply to turbo-type machines, rotary converters, and traction motors. 
Overload req^uirements for single-phase motors are not yet included. 

In no case may the maximum temperature of windings (with Class A insula- 
tion) or of cores with which they are in contact exceed 90° C. The sustained over- 
load specified below is permissible only if the temperature of the cooling air does 
not exceed 30° 0. (86° P.) ; if the cooling air exceeds 30° C. either the sustained over- 
load must be reduced in magnitude or duration or the continuous load must be 
reduced below the rated load. 

The British standard continuous rating defines the load which can be carried 
for an unlimited period without exceeding the limits of temperature rise given in 
Table 12. The British standard short time rating defines the load which can be 
carried for a specified time (either 1 hr. or J hr.) without exceeding the limits of 
temperature rise specified in Table 12 ; the test being started with the machine 
cold. In both cases the conditions of the test must be those of the rating and 
of B.E.S.A. Specification Ho, 168 (g,v,). 

A generator rated for two limits of voltage must have its rated current and 
output determined at the higher voltage. A change-speed motor shall have a 
definite rating for each speed, and a variable-speed motor for each of its limiting 
speeds. 

Table 12. — Temperature Limits for Industrial Motors and 
Generators {Glass A Insulation). 



Temperature Rise 

! * (by Thermometer), 

Part. 

Machines (other than 
Totally Enclosed) with 
Continuous Bating. 

Machines with Short Time 
Rating, and Totally En- 
closed Machines. 

Windings and cores with which 

°C. 

° 0 . 

they are in contact 

40 

50 

Commutators .... 

45 

55 

Slip rings — open type . 

45 

55 

,, „ — enclosed type 

Uninsulated parts, and cores not in 

55 

55 

Such that there is no risk of injuring 

contact with insulated windings 

insulation on adjacent parts. 


Motors and generators (other than single-phase motors) shall be capable of 
sustaining without injury the overloads specified below t after having attained the 
temperature rise corresponding to continuous operation at rated load. Bated 
voltage and frequency must be maintained. 


* In the case of machines to be used at altitudes of 3 300 ft. or more (up to 
10 000 ft.) above sea level, the permissible temperature rise is reduced IJ °/o for 
each 1 000 ft. above sea level. Machines for service above 10 000 ft. are not 
considered standard. 

fThe summary here given is arranged for easy comparison of the general 
requirements ; the specification should be consulted where actual tests are con- 
cerned. 
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tased on the fact that if a copper disc he rotated between the 
poles of a horseshoe magnet (about an axis joining the poles, the 
flux being perpendicular to the disc) a constant E.M.F. is induced 
between the rim and the spindle of the disc. It was in this form 
that Faraday discovered the dynanoo. Similarly, if a hollow metal 
cylinder be rotated in the annular air gap between an internal N 
(or S) pole and an external S (or N) pole, a constant E.M.F. is 
induced between the ends of the rotating cylinder. Replacing 
the solid disc or cylinder hy armature bars connected in series we 
have the two types of homopolar dynamo, mz. the disc or radial 
type, and the cylindrical or axial type. The armature conductors 
always cut the magnetic flux in the same direction, and this is 
the only type of D.C. generator in which direct current is actually 
induced in the armature conductor (§ 132). It is therefore un- 
necessary to use a commutator, and for this reason many attempts 
have been made to develop the homopolar machine as a competitor 
of the commutator- type D. C. generator. A number of armature 
conductors are connected in series and current is collected by 
brushes bearing on slip rings. 

Unfortunately it is not economical (if possible) to build homo- 
polar machines of useful capacity for the voltages employed in 
general D.C. distribution. Also, the electrical difdculties of design 
are increased at turbine speeds, for which the elimination of the 
commutator is, in itself, most desirable. A homopolar dynamo 
rated at 2000 kW, 260 Y, 7 700 A, 1 200 r.p.m. was built some 
years ago but serious difficulties were experienced in construction 
and operation, and the experiment does not appear to have been 
repeated. The homopolar dynamo is essentially a low voltage, 
heavy-current machine, but even in electro-chemical work where 
currents of many thousand amperes are sometimes required at a 
pressure of a few volts, it is generally more satisfactory to employ 
a motor generator driven from the ordinary supply mains. 

138. Shunt, Series, and Compound-Wound D.C. Dynamos. 
— The general design of the armature and field magnets remaining 
the same, the electrical characteristics of D.C. dynamos are very 
different according as the field coils are shunted across the arma- 
ture (Fig. 30), connected in series with the armature (Fig. 31), or 
connected partly in shunt and partly in series with the armature 
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(Fig. 32). In these three cases the machine is said to be shunt, 
series, or compound wound respectively. 

There may be any even number of magnetic poles from two 
upwards ; but, whereas the applied pressure of the supply ensures 
the energising of the magnet coils on a motor, a generator has to 
excite its own magnets. It occasionally happens that the iron of 
the magnet is free from any vestige of residual magnetism ; but 
under ordinary circumstances it retains a sufficient amount of 
magnetism to start the cycle of operations known as ^ building up 
the field.’ The armature is being driven by its prime mover in 
the weak field of the iron alone, and this residual magnetism is 
sufficient to cause a small E.M.F. in the armature coils; this in 
turn sends a small current through the magnetising coils and so 
strengthens the field, and thus by imperceptible increments the 
field is built up rapidly to full strength. 

Shunt Dynamos . — Where batteries are used shunt- wound 
generators are essential, as the other types would reverse their 
direction of rotation if accidentally driven as motors ; this would 
happen if the generator voltage dropped below the battery voltage. 
The voltage when cells are being charged must be much higher 
than the pressure of supply to the lamps (Chapter 18) and the 
necessary regulation is obtained by varying the strength of the 
shunt current. Shunt-wound generators can also be used in any 
case where constant pressure is required in the external circuit ; 
by varying the current in the field circuit, by means of a ‘ shunt 
resistance ’ or ' rheostat ’ placed in series with the magnet winding, 
the voltage in the external circuit can either be maintained or 
varied at will, so as to compensate for the loss of pressure in the 
mains and give constant pressure at a distant point. If the 
brushes of a shunt machine are put down, thus closing the 
circuit of the magnetising coils, and the machine is then run 
up to speed with the external circuit open, the field will be built 
up to full strength ; the pressure across the brushes will be at 
its full value, and the shunt current will be volts -r shunt 
resistance, both of which are practically constant while the 
speed remains so. Allowance can be made for such variations as 
occur (Chapter 40, Dynamos). If the external circuit is now 
closed the load can be increased from no load to full load. As the 
amperes increase there is a drop of pressure in the armature, due 
to its resistance, and the brush volts fall below the armature volts. 
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Consequently the field is weakened. This is shown in the 
‘ characteristic curve ’ of a shunt machine (Fig. 30), which can be 
constructed from the readings of volts, amperes, and speed taken 
on test at various loads, after correction as explained in Chapter 
40. The curve shown is called the ' external characteristic ; ’ if 
the armature resistance is measured, and the value of the lost 
volts in it (ZB in the diagram) is calculated from the amperes at 



Fig. 30. — Connections and characteristic curve of shunt dynamo. 


different points, then the ' internal characteristic ’ of the machine 
can be plotted by adding these lost volts to the previous curve at 
each reading. The full curve represents the working range of the 
machine, and the dotted part shows what would occur with 
sufficient overload. 

Series-wound Dynamos. — Series-wound generators are only 
used where a constant current of so many amperes is required in 



Pig. 31. — Connections and characteristic curve of series dynamo. 


the external circuit, as in the case of series arc or incandescent 
street lighting (Chapter 25) ; the pressure is then varied according 
to the number of lamps in use. The external characteristic curve 
of a series dynamo is shown in Fig. 31. In these machines the 
field circuit is only closed when the external circuit is closed, so 
that the load comes on ; and the current in the field coils is not 
constant, but varies directly with the load in amperes. It will be 
voi. I. 193 13 



noticed that beyond the bend of the curve the current is almost 
constant, regardless of the pressure, and an arc lighting machine 
utilises this part of the curve. To obtain the internal character- 
istic in this case the drop in pressure IB due to the resistance of 
the armature and the field coils in series must be calculated and 
added at each reading. 

Go'/yipou'ifid-woVj^d Dyudvios , — For installations not using 
batteries the compound-wound generator is usually employed, 
owing to its automatic regulation ; and also for D.C. tramway 
systems, except tliose supplied from converters. The ahunt coils give 
a constant excitation, but the additional ampere-turns of the series 
coils vary according to the current in tlie external circuit, which 
is flowing round them ; consequently, as the current rises and the 
loss of pressure in the circuit increases, the additional sti'ength of 
the field magnets automatically raises the pressure ol generation 



Fig. 32. — Connections and characteristic curve of compound dynamo. 


to a corresponding degree, so that the resulting pressure at the 
far end of the line remains constant. An examination of the two 
preceding figures makes this clear, the drop of pressure in the 
former being compensated by the rise in pressure of the latter. 
The resulting external characteristic of a compound dynamo is 
shown in Fig. 32, and in a well-designed machine is almost a 
straight line over the working range. The line may be either 
level (level compounding) or rising (over-compounding), so that 
the drop of pressure in feeders as well as in the machine itself 
may be compensated; in this case the ampere-turns on the 
series coils are designed to raise the pressure in a higher ratio 
than the current increases ; this is especially the case in electric 
tramway stations. 

139. Interpoles.— Owing to the reaction of the armature flux 
on that of the field magnets there is always some distortion of the 




GENERATORS AND THEIR ACCESSORIES § 140 

magnetic field in which the armature rotates, and hence in the 
position of the ' neutral zone ’ (of zero field) in which commutation 
can be effected sparklessly. This distortion is particularly 
noticeable at heavy loads or when the main field is weakened 
very considerably in the course of obtaining wide voltage regu- 
lation or speed regulation over a wide range (Chapter 29), in the 
case of a motor. In order to prevent sparking, the angle of 
lead of the brushes may be altered by moving the latter forward, 
in the direction of rotation in the case of a generator, and back- 
wards in the case of a motor, as the load increases. To obviate 
this adjustment, small commutating poles or ' interpoles ’ are 
placed alternately with the main poles and excited by a few turns 
of wire in series with the load. A suitable commutating field is 
thus maintained automatically beneath the interpoles at all loads. 
The polarity of each interpole must be the same as of that main 
pole towards which the brush would otherwise have to be moved. 
Clearly, the polarity of interpoles with regard to the main poles 
is opposite in motors to what it is in generators, but by connect- 
ing the interpole windings in series with the armature the correct 
polarity is produced automatically for either motor or generator 
action. In practice a shunt having inductance is connected across 
the terminals of the interpole winding and adjusted for sparkless 
commutation. 

140. Generator Excitation. — Permanent magnets are used to 
provide the magnetic flux in small magneto generators, such as 
those used for ignition purposes in automobiles, etc., for some 
electro-medical work, and for the measurement of speed of revolu- 
tion (§ 123). All generators for lighting and power supply are, 
however, ' excited ’ by direct current passed through solenoids 
wound round cores which constitute the magnetic poles of the 
field system (§§ 4}0 et seq,, 133). Direct-current generators are 
generally ' self-excited ’ by part of the current produced in the 
armature, the several methods of connecting the field circuit and 
the resultant characteristics of the machine being as described in 
§ 138. There is no reason, save that of convenience, why every 
D.C. generator should not be ‘ separately excited ' from a suitable 
independent supply ; this is only done, however, in the case of 
certain types of boosters (§ 142) and in some methods of motor 
control (Chapter 29) when it is desired to vary, over a wide 
range, the E.M.F. developed by a generator running at constant 
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speed. All D.O. generators for ordinary supply purposes are self- 
excited. 

Alternators deliver only alternating current, and the direct 
current for their field circuits must be provided from an inde- 
pendent source. Generally, a small shunt-wound D.C. generator 
is mounted on an extension of the alternator shaft ; this generator 
r— commonly called the ‘ exciter —delivers current at from 100- 
250 V to the alternator field circuit. The exciter is either self- 
excited or separately excited. By varying the resistance in the field 
circuit of the exciter, the voltage applied to the alternator field 
circuit, and hence the A.O. voltage generated by the alternator, 
can be controlled (§ 147). To allow for the possibility of break- 
down in the exciter or its circuits, it is usual to arrange that the 
alternator can be excited from an alternative source of direct 
current, such as a steam-driven D.C. generator, a rotary converter, 
a motor generator, or a battery of secondary cells. In water- 
power plants it is not unusual to mount the exciter between a 
turbine and an induction motor, so that it can be driven either 
independently or from the bus bars of the supply. .In some 
stations all the alternators are excited from a common set of bus 
bars, instead of by individual exciters on each main machine ; it 
is then necessary to provide two independent sources of supply 
for the D.C. bus bars, one source being held in reserve. In any 
case provision must be made for separate adjustment of the field 
strength of each alternator for voltage control. 

The power required to excite an alternator rises rapidly as 
the power factor of the A.C. system decreases (§ 165). Under 
average conditions the kW capacity of the exciter is from 
0*5 to 1*0 7o of the kW capacity of high-speed generators (from 
10 000 to 1 000 kW respectively) and about twice as great in 
the case of low-speed generators. 

141. Balancers and Three-wire Generators. — In order to 
combine the advantages of higher voltage for transmission and 
for the supply of power loads with lower voltage for the supply of 
incandescent lighting and other domestic circuits, direct-current 
systems are generally operated on the ' three-wire system.' The 
energy consumed is fed to the ^ outer ' conductors at, say, 440 V 
or 500 V. All but the smallest motors are connected ‘ across the 
outers,’ but lighting and small power devices are designed for 
220 or 250 V (i.e. half the voltage between the outers! and 
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arranged, iix two groups of as nearly as possible equal current con- 
surnptioxi, these two groups being connected in series between the 
outers. As the two groups are distributed in many premises it is 
necessary to use a neutral conductor to act as a bus bar for the 
series connection of the two groups and, as it is impossible to 
maintain exactly equal current consumption in each group, it is 
necessary to provide some means of dealing with the out-of- 
balance cnrrent, otherwise the voltage division between the two 
groups would be unequal (c/ § 95, volt box). 

The simplest method of supplying a 3- wire system is to use two 
generator’s connected in series between the outers, the common 
terminal of the two generators being connected to the neutral con- 
ductor. This arrangement is used in many of the older stations. 
The two generators may be driven by one engine, and if the load is 
not balanced, accurately between the two sides of the system one 
generator is loaded more heavily 
than the other. This system de- 
mands constant attention in 
changing feeders from one side 
of the system to the other so as 
to equalise the load, and in re- 
gulating the generator fields to 
maintain equal voltage, notwith- 
standing some lack of balance in Fig. 33.— Motor-generator balancer for 
the division of the load. A less 3-wire system, 

costly equipment, and one which needs less attention in service, con- 
sists of a single main generator designed for the voltage between the 
outers, and a. motor-generator set the machines of which are coupled 
mechanically and connected electrically in series across the outers, 
with their common terminal connected to the neutral (Fig. 33). 
The operation of such an installation is explained fully in Chapter 
20. So long as the load is balanced between the two sides of the 
3-wire system the two machines of the ‘ balancer ' set run as motors 
in series across the outers. If, however, the load be unbalanced 
the machine which is connected across the more heavily loaded 
side runs as a generator (driven by the other machine) and supplies 
the out-of-balance current. The action of the balancer machines 
as motor or generator is determined by the division of voltage be- 
tween the two sides of the system, and there are many possible 
arrangements for the field circuits of the balancers. The balancers 
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shown in Fig. 33 are compound- wound (§ 138), the shunt field for 
each machine being connected across the other half of the system 
and the series coils assisting the shunt coils. If the load be heavier 
on the side B of the system, the speed of the machine m rises 
(due to the increased voltage across A and the reduced field 
strength) and this machine drives ^ as a generator, the field of 
the latter being simultaneously strengthened - Both current and 
voltage balance are thus maintained within close limits. 

An alternative method of balancing is to use two batteries of 
storage cells (either alone or in conjunction with a booster, § 142) 
instead of the machines m, g (Fig. 33). 

Another method is illustrated by Fig. 34 in which A represents 
the armature winding of a D.C. generator (supposed two-pole for 
simplicity) connected to the outers of a 3-wire system. Diamet- 
rically opposite points B^G on the armature winding are connected 




Fig. 34. — Single-phase static balancer Fig. 35. — Auxiliary armature-winding 
for 3-wire system. used for balancing 3-wire system. 

to slip rings, the brushes on which are connected to a static 
balancer S. The latter is a choking coil (§ 45) of such impedance 
that only a small alternating current flows through it from the 
armature. The neutral wire of the system is connected to the 
centre point of S and out-of-balance curi’ent flows equally in both 
directions from this point to the armature, encountering only the 
ohmic resistance of S, which is low. Better results are obtained 
by connecting the neutral to the common terminal of three choking 
coils connected in ‘ star ' (§ 143) to three equidistant points on the 
armature winding. Similarly, if a rotary converter is used to 
supply a 3-wire system, the neutral line is connected (either 
directly or through a regulating booster) to the neutral point of 
the low voltage side of the transformer feeding the converter. 

Fig. 35 represents the use of a main armature winding A to 
feed the outers of a 3- wire system, and an auxiliary winding con- 
nected between three equidistant points B,C,D on the main 
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winding and a slip ring connected to the neutral. The auxiliary 
winding is in the same slots as the main winding, hut has only 
half as many turns. Exact voltage balance is maintained ; the 
auxiliary winding deals with out-of -balance current and adds to 
the output of the machine even when the load is balanced. 

Instead of connecting the neutral directly to the centre point 
of S (Eig. 34), tappings may be taken from points MN, at equal 
distance from the centre, to a revolving commutator which rectifies 
the tapped current and applies it to the more heavily loaded side 
of the system.^ 

142 . Boosters. — A direct-current booster consists simply of a 
motor-generator designed and connected in one of many alterna- 
tive ways according to the purpose which it is to serve. For 
example, to compensate for pressure-drop in a feeder, the motor 
of a boosting motor-generator set may be connected across the 
mains whilst the generator armature, in series with the positive 
conductor, carries the full current flowing in the latter, and adds 
a few per cent, -to the E.M.F. operating in the feeder circuit, 
without affecting the pressure in other circuits supplied from the 
same bus bars. The amount of ‘ boost ’ may be regulated by hand 
control of the generator field, or by such connection of the fields 
that the motor speed or the generator field (or both) increase with 
increasing load on the feeder. 

An alternative method of regulating the voltage delivered by 
a feeder consists in ‘ floating ’ a storage battery across the far end 
of the feeder. The cells are charged through the cable during 
light-load periods ; but on heavy loads the supply volts at the end 
of the cable tend to fall below the battery volts, hence the cells 
discharge and limit the current taken through the cable. So long 
as the charge or discharge of the cells is determined solely by the 
voltage at the far end of the feeder, the voltage variation is bound 
to be considerable; actually it is about 2*2-l*9 = 0*3 V total 
variation, or 0*15 V up and down from normal, per cell in the 
battery (e.g. ± 37*5 V variation in the case of a 250-cell, 500 V 
battery). If, however, the charge or discharge of the cells be de- 
termined by a booster, the voltage variations at the far end of the 
feeder are much reduced. The booster armature is in series with 
the battery and adds its E.M.F. to the feeder voltage, so that the 

* * Regulating the Voltages of a 3-wire D.C. System Equalised by Static 
Balancers,’ R. D. Archibald. • Jour. I.E.M.t Yol. 
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battery is charged when the load on the feeder is light ; when the 
load increases, the booster E.M.F. is reversed, i.e. added to the 
battery E.M.F., so that the cells discharge and relieve the feeder 
of some of the total load. The requisite variations in the E.M.F. 
of boosters used for battery regulation are generally provided by 
differential excitation of the field system. Thus a shnnt winding 
separately excited by the feeder voltage may tend to cause the 
booster to charge the battery, whilst a series winding, carrying all 
or part of the load current, may tend to make the booster dis- 
charge the battery. In other systems an exciter (§ 140), on the 
same shaft as the booster motor-generator, is regulated automatic- 
ally to produce that direction and strength of excitation in the 
booster which gives the desired boost. 

Whereas a floating battery without booster can only be used 
with shunt-wound generators, the drooping characteristic of which 
(Fig. 30, § 138) permits the battery to discharge as the feeder 
load increases, a battery with booster regulation can be used in 
conjunction with a main generator which is compounded or over- 
compounded to compensate for pressure drop in the feeder. The 
field cores of booster dynamos are laminated in order that the 
flux may be varied rapidly and without serious eddy current loss. 

The use of boosters to augment the generator voltage when 
charging batteries, and to supplement the battery voltage when the 
cells approach discharge is explained in Chapter 18. * Negative ’ 

boosters are used to reduce the pressure drop in the return feeders 
of a tramway and thus prevent large return currents straying 
from the rails (Chapter 35). 

In A.C. circuits ^ boosting ’ may be effected in exactly similar 
manner, using static transformers instead of rotary machines. 
The transformer primary is connected across, and the secondary 
in series with, the circuit to be boosted ; and variable-ratio tap- 
pings provide for voltage regulation. If the auxiliary transformer 
be used to oppose the main pressure it is called a ‘ bucking ’ trans- 
former. Where continuous gradation of boost or buck is needed, 
an ‘ induction regulator ’ may be used. This consists of a static 
transformer, the primary of which is wound on a stator and the 
secondary on a rotor; there is a very small air gap between the 
stator and rotor (no more than mechanical clearance), and the 
windings are arranged so that the E.M.F. induced in the secondary 
can be varied hy changing the setting of the rotor, by hand or 
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servo-motor. The regulator is static in action, the rotor being 
moved through a fraction of a revolution to change the boost or 
buck. The presence of the air gap makes the magnetic leakage 
and exciting current of an induction regulator high compared 
with those of an ordinary transformer. 

The use of synchronous A.C. boosters in the pressure regula- 
tion of rotary converters is mentioned in Chapter 17. 

Whether boosting statically or by rotating machinery, the 
booster must be capable of carrying the full load current so that 
if the pressure is to be boosted (or bucked) by n °/o, the kVA 
capacity of a booster dynamo or the secondary of a boosting 
transformer must be n 7o fbat of the load supplied. On the other 
hand, the capacity of the motor driving a booster d 5 mamo, or of 
the primary of a booster transformer, need only equal the maxi- 
mum kVA of boost (plus an allowance for losses in the booster 
set). This distinction is important in the case of a booster used 
for battery regulation ; the motor capacity may be considerably 
less than that of the booster dynamo because the latter must be 
capable of supplying the maximum voltage of boost and of carry- 
ing the maximum current ; these maxima do not occur simultane- 
ously, and it is the maximum actual output which determines the 
size of the driving motor. 

143. Synchronous Alternators : Mesh and Star Connec- 
tion. — The synchronous alternator is the type almost invariably 
used for the production of alternating current (see, however, § 144), 
and throughout this book the term ‘ alternator ' is — in accordance 
with usual practice — taken to mean a synchronous machine unless 
otherwise specified. This machine (which is reversible and can 
also be run as a synchronous motor) consists of a field-magnet 
system, energised by a separate D.C. exciter dynamo, and a system 
of coils in which A.C. is generated. As explained in § 132, there 
is no essential difference between a D.C. dynamo and an alternator. 
Single-phase A.C. is produced in the armature winding of a D.C. 
dynamo, and if we use slip rings instead of a commutator we 
make this single-phase current available in the external circuit. 
By mounting three single coils of wire on the armature, the angles 
between the coils being 120’, we obtain three distinct single-phase 
currents differing 120'’ in phase {see Pig. 5, § 15). We might 
collect these three currents separately by a pair of slip rings for 
each phase, but it is usual to connect the three phases: (i) in 
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series to form a ' mesh ’ or ' delta ' winding, from the apices of which 
supply is taken (Fig. 36) ; or (ii) in 'star' or ' Y' connection, in 
which case one end of each phase is connected to a common neutral 
point, and supply is taken from the three remaining terminals 
(Fig. 37). {See also Chapter 20.) In either case only three slip 
rings are required. There is no essential difference between a 
single-phase and a 3-phase alternator except for the provision 
of the additional coils for the second and third phases. 

With mesh connection (Fig. 36) the voltage E between lines 
equals the phase voltage e of the generator, but each line is con- 
nected to two separate phases and the line current I = ^3 times 
the phase current i. The power per phase = ei cos 0 (§ 55) = (El 
cos ff) / ^3 ; and the total power = 3 x power per phase 
n/S EI cos 0. With star connection (Fig. 37), the line current I 
equals the phase cm-rent i, but the voltage between lines equals 

I^iV3 


2 

^ i 
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Fig. 36. — Mesii or delta connection 

times the phase voltage ; the total power = 3 cos 6 — 
%(E I ;y/3) I cos 0 = \/Z EI cos 6, as before. For given phase 
voltage and current, the mesh connection requires line conductors 
of larger cross-section, and the star connection requires more in- 
sulation between lines. (See also § 314.) 

The standard pressure and frequency of generation are dis- 
cussed in § 134 ; and voltage regulation in § 147. 

144. Asynchronous or Induction Alternators. — The asyn- 
chronous or induction generator consists essentially of an A.C. 
induction motor with a phase-wound rotor (Chapter 28), the latter 
being driven mechanically at higher than the synchronous speed 
(§ 135 (3)). There is no special ield winding and no D.O. excita- 
tion in a generator of this type. The machine can only be used 
in conjunction with synchronous generators (§ 143), the latter 
magnetising the asynchronous generator and also ‘ setting ’ the 
frequency at which the induction machine operates. As long as 




Fig. 37. — Star or Y conneotion. 
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the rotor of the induction machine is running below synchronous 
speed the machine is simply an induction motor (whether or not it 
is coupled to a prime mover) ; but directly the prime mover drives 
the rotor above the synchronous speed corresponding to the fre- 
quency of the synchronous generators and the number of poles in 
the induction machine, the rotor absorbs power from the prime 
mover, and current induced in the stator windings by the rotating 
polyphase field of the rotor is delivered to the network, thus 
supplementing the output of the synchronous generators. Under 
all conditions, however, the synchronous generators supply the 
magnetising current of the induction generator, hence the use of 
the latter reduces the power factor of the system. Notwithstand- 
ing this serious disadvantage, induction generators offer a con- 
venient means of adding, to an existing A.C. system, power 
derived from a windmill (§ 165) or small water turbine. An in- 
duction generator does not require to be synchronised (§ 149) and 
can therefore be started and switched into circuit by simple 
automatic gear whenever there is wind or water power available 
(§ 187). The main advantage, however, of the induction 
generator in the utilisation of variable natural power, lies in the 
fact that the rotor speed bears no definite relation to the frequency 
of the current produced. The speed of an induction motor can 
be varied over a considerable range by varying the resistance of 
the rotor circuit (Chapters 28, 29); similarly, the rotor speed of 
an induction generator can be adapted to the requirements of a 
windmill or variable-head water turbine over a considerajble range 
of wind or water conditions by varying the resistance of the rotor 
circuit. The frequency remains constant at the value set by the 
synchronous generators on the system. For satisfactory opera- 
tion of the whole, the kVA capacity of the induction generators 
should not exceed one-eighth that of the synchronous generators. 

145. Mechanical Features of Turbine-Driven Alternators. — 
Small and medium-sized alternators may be driven by any con- 
venient prime mover (Chapter 6), but the standard machine in all 
large stations is now the 3-phase alternator driven by steam or 
water turbine. The mechanical design of steam-driven turbo- 
generators is influenced primarily and to a very marked degree by 
the high speed at which the steam turbine must be run to secure 
highest eflSciency. It is possible to use geared turbines, and this 
arrangement is sometimes applied to the driving of D. C. generators, 
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which can hardly be built to operate well at (dlieieiit turbine 
speeds. A better solution, lioweveu', is to xihh :i“plia8e alternators 
for all supply purposes in turbo-driven stations, then producing 
such D.C. as may be recpiired by use of rotary convertors or 
mercury vapour rectifiers (Chapter 17). noii-Halient pole 

type of alternator is practically standaixl conHinu'tion for turbine 
driving. It is compact, economical, and can be built in any re- 
quired size. The design and construction of turbo-alternators are 
matters outside the scope of tliis hook, but the following notes 
give a useful indication of the difficulties 6nc<)untered and the 
general means by which tliey are overcome. 

In early days the limifeation of Hpood impoHOd by gom^riUor danigo aheekad fche 
development of the turbine, but during recant ymn both turbinii and generator 
have been so developed that Kpeods of the combined »ctH have r««udiifd the limits 
corresponding to 2-pole and 4-pole doHigti. Tho output inacdiina has been 
raised, many sets now yielding up to 6 250 kVa at H (KK) r.p.in, ; 20 000 kVa at 
1 800 r.p.m. ; and yet higher ratings at 1 500 r.p.m. (CK), 50, and 25 cycles). By 
way of example, consider a 20 000 kVa, IS 200 V, S-phanUy r»0 eyebn, 4“|K>I© turbo- 
alternator. Tho design of such a mfwjhino represents a compromise between 
stringent mechanical and electrical roqvriromonta. Tho rotor (5 1 x7f> ins.) weighs 
about 27 tons and, at 1 800 r.p.m., attains a peripheral Mpee I of akmi 24 000 ft. 
per min. ; it is out into irregularly from tho periphery, and c.arricis inuoh metal 
which is not self-supporting. Tho centrifugal force a«*,ting on a mass of 1 lb. at 
the periphery is about 1 ton. During running, considerable radial stress exists 
right into tho centre, and wore the central mahjrial rornovad by iKirIng, material 
near tho bore would be stressed tangentially to about 0 tDim per wp in. at nomal 
speed. To eliminate the diOiculty of securing the nectmMary reliability in vary 
large forgings, and to ensure that none but intentional internal strewies exist In 
the rotor core, tho latter may be built up from relatively thick rolled stool plates, 
machined on both sides and slightly rabbeted into one aiifithtsr. Buch gteel twfcs 
about 0’8d. to Id. per lb., and is a good deal cheaper thitii alternative material 
of suitable strength. Tho plates are held together and to this ffangitd shaft at each 
end by chromo-nickel steel bolts, tightene<l to such an ex'tiint that the rotor has 
practically the solidity of a single piecuj. 

This plate construction obvimisly facilitates the probicitri of providing radial 
ventilating slots which, in conjunction with an axial paiwagi* honiifith the windings, 
give a good distribution of air for ventilation. The pressure of tlw rotor coils on 
their wedges (in this case) exceeds 200 tons p -r slot whim running at ^ ^j^omr 
speed. Special shop equipment it needed to press tho winding* into their slots, 
and a three-part retaining wedge (consisting of a central, Invurtiid w#dge of bronze 
and side strips of steel) has mechanical and magnetic advantiigoi. The free coppr 
in that part of the rotor windings external to the core may stip|»rt©d by a 
weldless chrome-nickel steel ring designed to carry its own load (about 7| fconi/ sq. 
in. at normal sped), and that of tho Copper beneath, without radial nupport from 
the rotor. Steel is used for the retaining rings, in spit® of th© ©loolrical and 
magnetic difficulties it introduces, beoauH© mechanical cc#ii«ldtsration« must here 
take precedence. A eompratively thin sheet of drawn copper outside the ring 
carries sufficient current to protect the magnetic material Inflow from «t»y flux. 

on Si 
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Oircumferenfcial bracing of the rofeor winding outside the slots is provided by 
built-up steel driving horns bolted to the shaft, and by blocking intermediate coils 
from each other. 

It is sound practice to build such a machine as this so that it will withstand 
dead short circuiting at its terminals when running excited and giving full voltage. 
Naturally, thia ability should not bo made an excuse to slacken precautions taken 
to avoid short circuits. A certain amount of external reactance has its use in some 
oases in limiting current flow on short circuit ; and poor inherent voltage regula- 
tion and comparatively low ratio between full-pressure, no-load excitation and 
full-current, short-circuit excitation are desirable. Enormous forces are exerted 
upon the windings of the machine when short circuit occurs ; the support given 
to the projecting rotor winding to protect it against centrifugal force may bo 
made to cover also short-circuit stresses ; the stator winding may bo braced by 
oast-bronxe hesrring-bono bars placed between the two layers of the end connec- 
tions, the canting having fins projecting between the two coils on each side of it, 
go as to reproduce practically slot conditions. 

To keep down oddy-current losses in the heavy stator conductors, the latter 
may be composod of a series of insulated strip-strands, transposed from slot to 
slot, and connected together only at the beginning and end of the coil to which 
they belong. As a precautionary measure, the stator insulation should bo as nearly 
fireproof as possible. Various improvements have been effected in the use of 
mica in this connection, and it is possible that such materials as fused silica may 
yet come into use for insulation purposes on large generators. So long as the 
insulation hold out there would bo no reason to bo alarmed at very high local 
temperatur(« in such a machine. (A. B. Field, /owr. /.A/.A/., 54, pp. 65 et mq.y 
abridged). 

JS&e edm * Problems in High Speed Alternators and Their Solution,’ J. Boson. 
Jour. LE.M., Vol. 61, p. 489. 

Steam-driven turbo-altornatora have been built for outputs 
up to 60 000 kW (§ 173), but units of 20 000 to 40 000 kW are 
generally considered to be more convenient and to give higher 
overall efficiency in working. Failures of (steain) turbo-generators 
and suggestions for improvements are discussed in a paper by 
J. Shepherd, Jmr. Vol. 58, p. 125. 

The normal speed of water-wheel alternators is relatively low, 
but the rotor diameter is correspondingly large, and it is necessary 
that the rotor should safely withstand the ‘ runaway ’ speed of 
the turbine (possibly twice the normal speed). The vertical shaft 
generatora in the Queenston hydro-electric station (Ontario) are 
rated at 45 000 kVA (each), 3 phase, 12 000 V, 25 cycles, 
187 r.p.m., and are coupled directly to 55 000 h.p. water tur- 
bines. The height of the generator to the top of the exciter is 
35 ft. ; tlie diameter of the generator casing is 24| ft. ; and the 
main 60 in. thrust bearing is designed for a load of 450 tons in- 
cluding the weight of the rotor and the water thrust on tlie 
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turbine. (For further details see EL TVorld, Vol. 77, p. f]fl7, and 
El Bev., Vol. 91, p. 105.) 

146. Efficiency and Ventilation of Generators. — The 
efficiency of very small generators, up to H) kV- eiijiiieity, in 
usually between 85 and 90 that ot ^(merators, from 

1 000 to 10 000 kVA or higher, is usually between 94 ari«l 
The value of the efficiency and the load at ^vliieh it is a ma.tiirmm 
can be varied by the designer. Tnercasing tlie weight of copper 
in the machine (relative to the weiglit of iron) ummmm the load 
at which maximum efficiency is reached ; whereas inereiming the 
relative weight of iron causes maxirntim ofHeirau^y to he rfmehed 
at lower load. The b(‘st value for tlm {dlicicmey of a large 
generator within the range 94 to 90 X detennine<l by tim emt 
of the higher efficiency compare<l with the value of the increaHod 


output (§ 193). 

Engine-driven generators are g(*.nerally (d‘ open ^aistruction 
and, being relatively low-speed machines, iht^y artt of relatively 
large dimensions. There is consequently no difficuity in dis- 
sipating the losses without excessive temperaturi^ rimi. In large 
turbine-driven generators, however, vtuitilation constitutes a very 
serious problem, owing to the increased power and decrt^iiHetl size 
(per kW) of individual machines. The total losses in a 10 000 kW 
alternator may be, say, 5 7r> loiul. KxpreHsed as a |)er- 

centage, the loss is very Bniall, but in {>oint of fact it representH 
about 500 kW expended as heat (say 17 tlicrmH |>er hour) in a 
close-built mass of metal and insulatioiu the overall volriine of 
which is about equal to that of a large living-room. Natural 
ventilation by ducts in the cores and openings in tin? fratnes is 
no longer sufficient. A network of air“|>iisHiigfis must be pro- 
vided, and through these huge (juantiticH of air^ must be driven 
either by a blower forming an integral {Mirt of the miicliiii© or 
by a central blower delivering air through duets to 11 niimtior of 
machines. The latter arrangtuaent is obviously tln^ more! idicieiit, 
and it permits air to be drawn conveniently from soiiui fioint 
outside the power house and thoroughly clctansed bdtin* iidrnission 
to the generator. Fotiling of air-ways and deterioraticiri of 
insulation are thus prevented. Lineii filters take up a good dual 


From 90-100 cu. ft. of froo air por min. p©r kW of lomi, or f# cu, ft. pr 
min. per kW of generator capacity ; say, 75 OCK) cu. ft. per min, in thii cw© of a 
16 000 kW alternator. 
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room and need periodical cleaning ; should they be set on fire, 
t-he generator may be damaged before a safety door and fusible 
Jitik: combination in the air-duct has time to act. Water-spray 
filters are more compact ; they are very effective, offer minimum 
^‘Bisistance to air-flow, need a minimum of attention, and are more 
Economical where large plants are concerned. Air is cooled as 
as filtered by the waste spray apparatus, and the moisture 
iiUparted to the air is no disadvantage so long as actual drops 
Ef liquid are not carried forward in suspension. Another type 
Ef filter which gives good results consists of a chamber filled 
^itli short lengths of metal tubing (about 1 in. long x 1 in. dia.) ; 
these tubes are jumbled so that air flowing through the chamber 
has to follow a tortuous path, in the course of which all dust is 
i^eta/ined by the film of non-drying oil with which the tubes are 
Eoated. The tubes are cleaned and re-coated at intervals of some 
Weeks or months as required. 

In the 40 000 kW alternators of the Gennevilliers station,* the 
Ventilating air is in a closed circuit. This eliminates the problem 
of filtering huge volumes of air. Condensate from the turbine 
condenser is passed through an air-cooler which cools the ventilat- 
ing air and returns the heat of the latter fco the boiler, thus 
irapxoving the overall ejBSciency. 

The temperature rise of air passing through the generator 
may be calculated from the formula — 

Temperature rise (°F.) = 2 916 x kW loss / cu. ft. of air per 
min. . Allowing 100 cu. ft. of air / min. / kW loss, the temperature 
rise is approximately 30° F. 

The warm air could be led to the boiler furnaces and would 
resa.lt in about 1 increase in overall thermal eflSciency ; this 
does not offer a very promising return on the capital and mainten- 
ance costs of the ducts required. 

The problem of dissipating the losses in large turbo-generators 
is simplified by the use of water instead of air as a cooling medium 
because the specific heat of water is 1*0 compared with 0*24 for 
air, i.e. 1 lb. of water removes more than four times as much heat 
as 1 lb. of air for the same temperature rise. In the Parsons water- 
cooled alternator rotor, water is fed to^ a central passage bored 
along the axis of the solid rotor forging. Thence, the water 
passes through radial holes at one end of the rotor to weldless 

Bev,,Yol 92, p. 604. 
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steel tubes embedded at th(‘. bottom of the windin^j slots; hot 
water is collected from these tnlKW by ra<lial holes at the other 
end of the rotor and cooled for recirculation. ''I’ho more extensive 
use of water cooling in turbo-gtuierators is discasscsd by J. Shep- 
herd, Jour. I.E.E., Vol. 58 , p. 125 . 

147. Voltage Regulation. — Whensas in a 1 ).C. gftnerator the 
alteration of pressure between no-load and full-load is ind(!p<sn(lent 
of the character of the load, this is not so in an alternator. The 
British standard definition* of the regulation of an alternator 
is as follows ; — 

The normal inhoronfe rogulafcion of an altornafcor in the ri«o in pm^Huro from 
rated output, at the spocihod power factor and rated pr<?ggurc5, to nodc»ad, with 
constant speed and excitation ; the rine in prohHuro iB the difforifnce betweim the 
pressure at rated outxuit and at no- load Htakul as a pi*rr,i5ntag«) of the ated 
pressure (B.E.S.A. Report No. 72). 

The actual value of the iulud’ent, regulation varit^H with the 
power factor of tlie load (§ 15 . 5 ), ami increanr^ with the rtmctance 
of the alternator windingH. Formerly it waH uhuiU to npecufy elc^e 
inherent voltage regulation (nay, 5 "jj hut tliin involved low re- 
actance in the alternator and reHulttnl in tlio current rimng to 20 
or more times the normal value in tlu^ event of short circuit 
Apart from the exceasivo Inmting catwed by Huch a current^ should 
it endure, there arc produced enormoun mechanicml forces (| 338 ) 
which may wreck the machine. For tlmse raanonH, and bc^cause 
the parallel operation of Hynchronous machinery in more stable 
vhen there is eonsidcjrable reactiaxicit in thif circuit, it is now usual 
0 employ alternators of high intenia! reactance ; choking coils are 
also placed in sex-ies with the generator pIiaseH for protective 
purposes (§ 340 ). A method of detfirinining the inductance of 
alternators is given in Cliaptf^r 40 . 

With constant excitation the voltage of a mcKlem siterimtor 
would drop by from 6-10 7,, from no-load to fiill-Ioad if the 
latter were a non-inductive lighting load, mul by from 20-25 7^ 


* The regulation thuu denned is oftnn oallwl the ** regulalba tip ** in diwlinefeioa 

from the “regulation down,” which is an alkirnativ© (rioH*«t&nclani) definition of 
regulation as the drop in vfdtftgo from itodoad to ftilldoad iixpruwiicl m a pr- 
centage of the no-load voltage, th© s|>eed being coniitaiit and fcliii ©xdlAiion bslng 
constant at the value raqniriKl to imRiuce rated voltage afc nodoad, A given 
percentage regulation ig obtained more easily and chmply wlion the itiudiud 
^regulation up) definition is eraployed. 
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or* more * if the load were of power factor 0’8. In practice the 
voltage is kept constant, or raised with the load, by altering the 
excitation of the field. If the load variations be gradual, the 
field regulation may be effected by hand or by a servo-motor con- 
trolled by a contact-making voltmeter. Generally, however, an 
automatic voltage regulator is employed There are many types 
of these regulators in use, differing considerably in construction, f 
but they all operate by varying the field current of the exciter 
(§ 140) and so the excitation of the alternatoi. A solenoid con- 
nected between two of the leads from the generator produces a 
pull which increases or decreases with the generator voltage ; if 
required the solenoid can be ‘compounded' by a coil carrying a 
fraction of the main current and opposing the action of the voltage 
coil so as to increase the generator voltage with increasing load 
The pull of this solenoid is utilised to vary the resistance in the 
exciter field circuit. Complications in electrical and mechanical 
construction are required to secure rapid action and to prevent 
the alternator voltage from ‘ hunting ’ above and below normal, 
but these do not affect the principle of operation. 

148. Parallel Running- of D.C. Generators. — So long as they 
are of approximately the same construction and designed for the 
same pressure, any two or more shunt-wound dynamos may be 
connected in parallel, i.e. to supply energy to the same circuit, 
without any particular diflSculty or risk.- If two such generators 
be exactly similar, and if both yield the same E.M.F. at any 
particular load, each machine will take half the total load. If 
one should take temporarily more than its fair share of the load 
for any reason, its E.M.F. would fall helow that of the other 
dynamo (for the voltage of a shunt dynamo decreases with in- 
creasing load, see Fig. 30, § 138), and hence the state of balance 
would be restored automatically. The terminal potential difierence 


* In the 40 OOO tW alternators at Gennevilliers (§ 196) the voltage drop be- 
tween no-load and full-load at 0*8 povrer factor is 33 *3 °/q. The stator slots are 
designed so that the magnetic leakage is particularly high ; the inductive drop due 
to leakage is, with normal current, 24 % of the normal pressure (10*2 °j^ due to the 
slot leakage and 9’5 to the end connections). The short-circuit current of these 
machines is only about 4*2 times normal full-load current. {El, Rev., Vol. 92, 
p. 604.) 

fFor descriptions see 0. 0. Garrard, Ihe Electrician, Yol. 74, p. 107, and 
Whittaker’s Electrical Engineer's EocJcet Book, 6th ed-,p. 434 ; also H. IST. George, 
British Westinghouse Gazette, Yol. 4, p. 20S. 

voi. I. 209 
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of a shunt dynamo is V ^ (E - IB) volts, where E is the E.M.F., 
I the armature current, and B the armature resistance. If two 
shunt generators having equal E.M.F. operate in parallel, the 
terminal P.D. is the same for each, hence — IiBi) == 
- I 2 E. 2 ). In other words, 1^11^=^ B^j B^, ie. the generators 
share the load in inverse proportion to their armature resistances, 
so long as the E.M.F. - ^ 2 ; to distribute the load in other 
than this proportion, E^ or E^ is varied by shunt field regulation. 
If J 2 increases, E^ is reduced (Fig. 30), so that the normal state of 
affairs is quickly restored If the speed of machine No. 1 falls, 
El decreases, hence decreases as well, to keep the difference 
(El - IiBi) constant. By weakening the field and decreasing 
the speed of one dynamo its E.M.F. may be made lower than 
the terminal P.D. of the other machine. In that event the first 
machine runs as a shunt motor, but does not take an excessive 
cunrent (cf. series generators below). 

In the case of two series generators working in parallel, we 
must still satisfy the condition V =p (Ei -IiBi) = (E^ - I^B^)- 
So long as this is done, the generators work satisfactorily in 
parallel, but if the current through one dynamo, say /g, increases 
beyond the value satisfying the above equation, the E.M.F., E^, of 
that machine increases (Fig. 31). Simultaneously, however, 
and therefore E^ will have decreased, so that a yet bigger share 
of the load now falls on the second machine, i.e. and E^ increase 
'et further, and so on until this machine carries the whole load, 
’he most serious trouble occurs after that, for the unloaded 
ynamo then begins to run as a series motor, and we have a series 
dynamo practically short-circuited on a series motor, with the 
result that both machines burn out. The only way to prevent 
this action is to interconnect the armature-field connections of the 
two machines (ix. the brushes to which the series field windings 
are connected) by an ' equalising ’ conductor. In order that the 
latter may be effective, it is essential that its ohmic resistance be 
low as compared with that of the field coils, which are themselves 
of low resistance. 

From these remarks it will be seen that D.C. generators hav- 
ing a drooping voltage-current characteristic can be operated 
stably in parallel without any trouble, whereas generators with 
a rising voltage-current characteristic are inherently unsuitable 
for parallel operation. Compound- wound dynamos, with rising or 
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flat characteriHfci(; curve, require an et^ualiHing circuit for stable 
operation in parallel ; this is run between the positive brushcjs of 
the various machines when working. Each equaliser bai’ has a 
switch which must be closed before the machines are paralleled, 
and kept closed so long as the machine to which it corresponds is 
working in parallel with one or more othei's. 

In most central stations shunt-wound generators are uhcmI, 
even though batteries b) not installed. As explained in § l«hS, 
the field of a shunt dynamo is gcuKjrally built up from residual 
magnetism in the iron, but this magnetism tnay be so weak that 
the generator is inai{)able of H(df-excitation, or it may he reversed 
so that what was the positive brush one day becomes the negative 
brush next day. It is therefore custotnary to excite the magrujts 
from the bus bars before putting a machine in circuit ; tliis onstxres 
correct polarity. When starting a plant for tlu^ first tinui, it may 
be necessary to excitei the magnets from a small l)attery till the 
building-up process gets under way. Bo long as the polarity is 
correct, the incoming macliine can be switched in parallel directly 
its E.M.F. is equal to or (to allow for thci drop occurring directly 
the machine takes load), a little above, that of the maclunes aln^ady 
in service. Thereaft^u* load is distributed between the machines 
automatically or by field i*egulation, as ah'cady explained. If a 
compound-wound genex'ator refustjs to excite normally, it emi 
generally madcs to do so by rrumentarily short-circuiting tlm 
main terminals— assuming, as in the case of the shunt machine, 
that the connections are correct and that the l)rushes are down (m 
the commutator. This short-circuiting is best effectcKl by a small- 
diameter copper wire put between the terminals befonj the 
machine is started ; the wire fuses before the short-circuit current 
reaches a dangerous value. After closing the equalisiiiig switch 
and bringing up the pressure of the incoming machine, tlie main 
switch is closed and parallel running established. 

149. Parallel Running of Alternators : Synchronising and 
Synchroscopes.— Alternators of all types ami sizes, provi<led 
they are wound for the same xmmlxer of phases and eyedes, and 
for the same pressure, can be run in parallel, but it is preferable 
that their wave forms should be similar ; ^ the 3 - phase plant in 

* B.E.S.A. lioport No. 72 rec|uire« Ih&fe th© wave form of an alternator (Hi 
open circuit shall approximate to a sine wave. The maximum deviation of the 
actual wave from the equivalent sine wave (mma B.M.S. value and samo wave 
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two hydro-electric stations over 350 miles apart, in California, is 
feeding the same network in this way. The most satisfactory 
parallel working is obtained when the alternators are driven by 
steam turbines, as the turning moment of these during each 
revolution is absolutely regular; this is not the case with re- 
ciprocating engines, although by scientific balancing of the 
rotating parts, and the use of heavy flywheels, a fair approxima- 
tion to an even turning moment can be obtained. Even in water 
turbines there is some periodic variation in turning moment, 
especially in impulse turbines where the tangential force may 
vary in the ratio 1 : 2 as the bucket passes through the jet. If 
through any such irregularity the machines get slightly ‘ out of 
step’ the magnetic effect of the interchange currents set up 
between them pulls them back again into synchronism. It is 
not uncommon, however, for trouble to be experienced in the way 
of heavy interchange currents between alternators connected in 
parallel and driven by steam turbines and horizontal reciprocating 
engines respectively. Such trouble is due to difference in the 
‘ cyclic irregularity ’ of speed * of the two prime movers, and may 
generally be cured by increasing the flywheel effect of the engine- 
driven alternator. The actual behaviour of machines in parallel 
depends upon the mechanical constants of all the machines ; in 
some cases two sets may not run well in parallel but each may 
run satisfactorily in parallel with a third set. Much information 
on the hunting of alternators in parallel is given by J. Fischer- 
Hinnen, Electrician, Vol. 89, p. 185. 

Synchronising and Synchroscopes . — When it is desired to 
connect another machine into circuit with those already running 
on load, it is brought up to about the correct speed and the field 
strength is varied until the voltage, at that speed, is approxi- 
mately the same as that on the bus bars ; it is then necessary to 
get the successive waves of E.M.F. on the incoming machine into 
exact synchronism with those already working on the load, so 
that the periodicities are precisely equal and also the crests of 


length), when superimposed on it so as to give the least difference, should not 
exceed 10 7o of the maximum ordinate of the sine wave. 

* The cyclic irregularity of a prime mover is generally defined as the ratio of 
the difference between the maximum and minimum angular speeds to the mean 
angular speed of the driving shaft during one revolution. This ratio should not 
exceed 1 / 150 and is generally lower. 
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corresponding waves are attained at the same instant. In the 
early days of alternating current working this was a troublesome 
matter, and the moment of closing the paralleling switch was an 
anxious one; at the present day instruments known as syn- 
chronisers or synchroscopes render the operation simple. Of these 
there are a number of types in use, employing either (a) a lamp 
or a voltmeter, or (b) a dial and needle to indicate when the exact 
coincidence of phase occurs. In the former type the lamp or 
voltmeter is connected to the secondary of a small transformer, 
having two primary windings connected to the machine and bus 
bars respectively ; the windings are so designed that only when 
the two primaries are exactly together will the resulting secondary 
pressure be high enough to light the lamp. As synchronism is 
approached the lamp lights up and then becomes dark at longer 
and longer intervals, and when it remains at full brightness the 
connecting switch is closed. The machines, however, may be as 
much as 16 (electiucal) degrees out of phase before the synchronis- 
ing voltmeter shows 1 7o variation from its maximum reading, 
so that a little error of judgment may result in a considerable 
shock when switching in, while there is nothing to show which 
machine is the faster. 

Dial instruments consist either of a miniature induction motor 
or of a dynamometer movement ; the needle revolves in one 
direction or the other according to whether the speed of the in- 
coming machine is too high or too low. When the needle becomes 
stationary the machines are in step. Maintained identity of phase 
implies equality of frequency, hence it is unnecessary to use a 
frequency meter (§ 112) for synchronising. 

In the Weston synchroscope (Fig. 38) the moving element 
consists of a very light dynamometer movement pivoted between 
jewels and connected through a condenser across the terminals of 
the incoming machine. The fixed coil, which is wound in two 
sections, is connected across the line through a resistance. The 
pointer is behind the translucent glass scale, which is illuminated 
by a lamp connected to the central coil of a transformer, having 
two primary coils connected across the bus bars and the incoming 
machine respectively, so as to glow brightly when the machines 
are in synchronism; thus only when the lamp is alight is the 
shadow of the pointer seen. As the one circuit contains a con- 
denser and the other a slightly inductive resistance, it is possible 
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to adjust their constants so that the currents in the two will he 
in exact quadrature when the E.M.F.’s are either in phase or in 
opposition, and under these conditions no torque will be exerted 
and the pointer will stand in the centre of the scale. Since the 
lamp is dark when the E.M.F.’s are in opposition and light when 
they are in coincidence and have the same frequency, the shadow 



Fig. 38, — ConBections of Weston synclirosoope. 


of the pointer will be seen at rest in the middle of the scale when 
perfect synchronism is attained. But when the E.M.F.’s are not 
exactly in phase or in opposition, there will be a torque tending 
to turn the movable coil, and the value of this torque will increase 
with the phase displacement, its direction depending upon the 
relative direction of the currents in the coils. If the machines 
are not running at the same frequency the torque will vary con- 

O tinuously from zero to plus maximum and back 
through zero to minus maximum, thus causing 
the pointer to swing back and forth over the 
scale (Fig. 39). Each swing will coincide with 
a period of light or darkness, and the pointer 
will be seen only during every other swing, 
that is, it will appear to rotate in one direction. 

direction of this apparent rotation in- 
dicates whether the incoming machine is fast 
or slow, and the speed of rotation is a measure of the amount 
by which the frequencies differ. It is clearly better to switch in 
when the incoming machine is slightly ahead of those already 
connected, or on a ‘ rising phase ; ’ the machine will then drop 
into phase as it takes up load instead of having to be pulled in. 
The Everett-Edgcumbe synchroscope uses a similar indicating 
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dial to that last described, but the moving needle is connected to 
the rotor of a miniature 2-phase motor, in which one set of wind- 
ings is fed from the bus bars and the other set from the incoming 
machine. If the bus bar frequency is the same as that of the 
incoming machine these fields will rotate in step, and the rotor 
will remain at rest. If, however, the frequency of the current in 
one set of coils is higher than that in the other set, then the 
tendency of the two fields to keep in step will cause the rotor to 
revolve in the same direction as the fields, and thus indicate ‘ fast ' 
or ‘slow.’ A red or green lamp, visible from the stop valve, is 
shown in the opening behind the needle, according to whether 
the incoming machine is running fast or slow ; and, by a relay, 
similar lamps can also be placed at each prime mover when the 
synchroniser is out of sight. 

Automatic paralleling gear is used in some stations, and its use 
will probably extend with the increasing adopting of automatic 
hydro-electric generating plant (§ 187) and automatic substations 
(Chapter 17). The utility of this gear probably lies in eliminating 
continuous attendance in isolated installations rather than in 
offering greater security where skilled staff is available. The 
apparatus is rather complicated and delicate but the principle of 
operation is simple ; a series of relays close when there is equality 
of voltage, phase, and frequency in the two circuits to be paralleled, 
and the paralleling switch is then closed automatically. 

After parallel running is established the load is divided 
between the various machines by hand regulation of the throttle 
valve or by the governor ; in large generating stations the 
governors of steam or water turbines can generally be adjusted 
from the switch- board, through the agency of a small servo-motor. 

150. Phase Connections and Phase Rotation. — In the case 
of 3-phase alternators, it is necessary initially to connect the 
phases correctly to the switchboard, so that armature coils which 
occur consecutively in the direction of rotation of one machine 
are in parallel with coils occurring in the same relative position 
in other machines. Various conventions are used to identify 
phases, e.g. red, yellow or white, and blue, with green for the 
neutral wire, the colours being used to mark terminals and wires 
and to show the direction of rotation of the field due to successive 
waves. {See also I.E.E. rule 51, § 280.) The standard method of 
numbering phases with regard to sequence is shown in Fig. 16, 
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§ 110. A reference to Fig. 4 (§ 15) will show that if the waves 
do not run in order and as shown, owing to one coil being connected 
wrongly, the symmetry of the system will be upset and a short- 
circuit will occur. So long as there are fine fuses in circuit no 
harm will result from trial and error in making the connections ; 
two terminals are therefore connected together and the resultant 
voltage across the open ends of these coils is measured under 
working conditions. If the connection is in delta and correct 
this should be the same as the voltage between the ends of either 
coil alone. Obviously this is so, as the third coil (also giving the 
same pressure) is to be connected across these terminals (Fig. 36, 
§ 143); this is done through a fine fuse, which will blow if the 
connection is wrong. In the case of star connection (Fig. 37 ) the 
same procedure on the first two coils will show a resultant 
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Fig. 40-— Determination of phase rotation. 

pressure 173 times that due to a single coil, if tlie connections 
are correct. In this case one end of the third coil is then con- 
nected to the neutral junction, and the resultant pressure from 
the open terminal to either of the other open ends will, if correct, 
give the same result. 

The phase rotation of two alternators may be compared by 
connecting a motor to each in turn, and noting which connections 
cause the motor to run in the same direction in both, cases ; these 
connections are in the same phase rotation. Miniature 3-phase 
induction motors are made for this purpose with disc armatures. 

A method of determining phase rotation, due to Varley, is 
illustrated by Fig. 40. Two similar filament lamps F, F and an 
inductance L are connected in star between the phases ABC to 
be identified. If Oa represent the voltage across the inductance 
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Ly the current through the latter is represented hy the lagging 
vector 01 (§ 44)). The equal but opposite vector 01' represents 
the resultant of the currents Oc, 06, through the lamps. Since 
the latter are practically non-inductive the P.D. across each is in 
phase with the current. Now Ob is greater than Oc, hence the 
lamp in the B phase will glow more brightly; this phase is 
lagging with regard to 0, and the phase rotation is as shown by 
the arrow. Hence the rule : The lamp connected to the lagging 
phase glows more brightly. (See also Dransfield voltmeter, § 100.) 

Kapp’s method of deducing the sequence of phases from watt- 
meter readings is explained Jour. LE.E.y Vol. 55, p. 309. 

The connections of synchroscopes can be verified (after check- 
ing the phase sequence as above), by disconnecting the phases of 
the new machine at the neutral point and switching this machine 
(whilst stationary) on to the live bus bars. Both sides of the 
synchroscope are then excited from the bus bars and, if the con- 
nections are correct, synchronism is indicated. Where bus bars 
are sectionalised it must be made impossible to parallel machines 
which are in synchronism with different sections of the bus bars. 

151. Official Regulations. — The Electricity Regulations of 
the Factory and Workshop Acts, 1901-1911, contain the following 
clauses : — 

19. All parts of generators, motors, transformers, or other similar apparatus, 
at high pressure or extra high pressure, and within reach from any position in 
which any person employed may req[mre to be, shall be, so far as reasonably 
practicable, so protected as to prevent danger. 

21, Where necessary to prevent danger, adequate precautions shall be taken 
either by earthing or by other suitable means to prevent any metal other than the 
conduptor from becoming electrically charged. 

25. Adequate working space and means of access, free from danger, shall be 
provided for all apparatus that has to be worked or attended to by any person. 

The complete text of these Regulations and the official 
Memorandum thereon should be studied. 

Concerning the location and protection of dynamos, LE.E. rule 
No. 123 specifies as follows : — 

123. Dynamos (Eule 36, § 269) (see British Standardisation Rules for Elec- 
trical Machinery, Report No. 72*) must — 

(a) Inflammable Dust. — Not be placed in positions exposed to inflammable 
dust or flyings, nor where combustible materials are manipulated or 
stored ; 

* In part replaced by No. 168 ; see §136 su^ra. 
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(&) Protection. — Be protected from damp, dust, an <3. mechanical injury; 

(c) Combustible Materials, — Be so placed that no unprotected woodwork, or 

other combustible material, is within a distance of 12 ins. from them 
measured horizontally, or within 4 ft. measured vertically above them ; 

(d) Wood Floors, — Have a sheet of metal inserted between them and such 
flooring, where mounted upon or above wood flooring ; 

(e) Control . — Be controlled by a double-pole switch, and protected by a fuse, 

or circuit-breaker, on each pole, except with earthed concentric wiring. 
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POWER FACTOR AND ITS IMPROVEMENT. 

153. Lagging and Leading Power Factors.— The power 
factor of an A.C. circuit may be defined as the ratio of the true 
watts to the volt-amperes or apparent power (§ 56). In other 
words, it is the factor by which the volt-amperes must be multi- 
plied in order to obtain the true watts.* When the current wave 
is out of phase with the voltage wave the power factor is less than 
unity ; to discriminate between the two cases, a power factor of, 
say, 0*8 or 80 7o> ^^7 be termed "0-8 lagging’ if the current 
waves lags behind the voltage wave, and ‘0*8 leading’ if the 
current wave leads with regard to the voltage wave. With few 
exceptions, the P.F. of industrial A.O. circuits is lagging, and 
when a simple numerical value is stated for the power factor it 
may generally be assumed to be lagging. The ideal condition in 
an A.C. system is that of unity power factor and, compared with 
unity power factor, any lower power factor is equally objection- 
able whether leading or lagging. In practice, A.C. loads having 
a low and leading P.F. are generally welcomed because the result- 
ant P.F. of the system is usually less then unity and lagging, 
hence the addition of circuits having a leading P.F. improves 
the P.F. of the system as a whole (§ 159). 

154. Watt and Wattless Components. — In order to appre- 
ciate the consequences of low-power factor it is necessary to con- 
sider the “ composition ” of the current under such conditions. 
Taking the case of a lagging current, as being that generally 
encountered in practice, the current 01 (Fig. 41) lags with 

*This simple definition is equally applicable to single-phase circuits and to 
balanced polyphase circuits, but the interpretation of the definition is complicated 
in the case of unbalanced polyphase systems in which the currents in the several 
phases, and the phase angles between these currents and their voltages are not 
equal. Alternative definitions, and methods of calculation and measurement to 
be employed in such circuits are discussed in a symposium, Jour. Amer. 

Yol. 39, pp. 538-46 ; see also § 111. 
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regard to the voltage OE, and may be resolved into a watt (or 
active) component OA ( = I cos (j)) in phase with the voltage 
(see Fig. 8, § 37), and a wattless (or reactive) component 
OB (= /sin (j)) 90° out of phase with the voltage (Fig. 9, § 37). 
The power factor = cos An equal current OT at a greater 
angle of lag (i.e. a lower power factor) has a smaller watt 
component OA' and a larger wattless component OB'. For the 
same watt component as before (OA), we must increase the total 
current to 01" when the lag is the wattless component then 
increasing to OB". It should be noted that it is the vectorial 
sum of OA and OB which equals 01, i.e. the total current and its 
components form the three sides of a right-angled triangle, and 



Fig. 41. — Watt and wattless components of current at various power factors, 

the arithmetical sum of the components is always greater than 
the total (actual) current. 

These points are illustrated by the curves plotted in the right- 
hand portion of Fig. 41, against a base of power factor. The 
curve representing the angle of lag or lead corresponding to 
various power factors is a cosine curve (P.F. = cos <j>). The watt 
component, as a percentage of the total current, is directly pro- 
portional to the power factor and is, therefore, represented by a 
straight line. The wattless component is proportional to sin <f>, 
and, when plotted against power factor, gives a curve which is a 
quadrant of a circle. It will be seen that when the P.F. is 0*95, 
the watt component is 95 A and the wattless component about 
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Si *3 A for every 100 A total current; and at 0*65 P.F. (not an 
uncommon value in practice, § 157), the watt component is 65 A 
and the wattless component 7 6 A for every 100 A total cmTent. 

The value of the ratio : Total current / watt component = 
sec ^ = 1 / cos (p, and rises from unity at unity P.F., at first 
gradually and then very rapidly, to infinity at zero P.F. as shown 
by the heavy curve in Fig. 41. 

155. Effects of Low-power Factor. — From the preceding 
remarks and by inspection of the vector diagram in Fig. 41, it is 
obvious that the current 01 is always greater than its watt com- 
ponent OA. In other words, for the same useful power (true 
watts) as represented by the voltage OE and the current OA in 
phase with it, we require a larger current 01 if the angle of lag 
be and a yet larger current 02" if the lag be </>'. The larger 
the angle of lag, the lower the power factor, and the larger the 
current required for given true power. The current-carrying 
capacity of the generators, transformers, and transmission lines 
(§ 301) must therefore be higher, the lower the power factor for 
a given load (kW); or, the dimensions of the generators, etc., 
being fixed, the kW which can be supplied is lower, the lower the 
power factor. We thus arrive at the most obvious — and generally 
the most important — effect of low-power factor, vi0. reduced kW 
capacity of the whole of the electrical equipment and, hence, 
increased standing (capital) charges on every unit (kWh) of energy 
delivered. If the kW output of the generators, when working at 
the maximum safe kVA output, is less than the kW capacity of 
the prime movers,* part of the investment in the latter is non- 
productive and there is a further increase in the standing charges 
per kWh. The working costs are also increased by the fact that 
the PB losses (§ 49) in all parts of the circuit vary with the square 
of the total current {i.e. inversely with the square of the power 
factor); as the total current is 1*43 times the watt component 
when the P.F. is 0*7 {see heavy curve, Fig. 41), the PJR losses are 
then (1*43)^ = 2*05 times as great as though the same useful load 
were supplied at unity P. F. The wattless component itself ab- 
sorbs no energy from the prime movers for its production (§ 37), 


* On the assumption that the maximum P.F. likely to be reached in the 
system as a whole at full -load will he 0*8, it is usual to make the kW capacity of 
prime movers equal to 80 of the kVA eapa»city of the generators to which they 
are coupled. 
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but it takes up current-carrying capacity which might otherwise 
carry useful power^ and the additional 7^i?-loss due to wattless 
current represents a dissipation of energy which has to be supplied 
by increased output from the prime movers. 

At low-power factor (which is particularly prevalent during 
light-load periods), the generators and other parts of the electrical 
system are electrically fully loaded at a fraction of the rated kW 
output of the prime movers, hence the steam, fuel, or water con- 
sumption of the latter is higher per kWh than it would be if the 
same useful load were supplied, at higher power factor, by a 
smaller number of generators, the prime movers of which could 
then be fully loaded. 

The heavier total current, corresponding to a given watt 
component, at lower P.F. involves a greater IR drop (§ 24) in 
the ohmic resistance of the circuit. In addition, the inherent 
voltage regulation of generators and transformers is worse, the 
lower the P.F. The voltage regulation of a transformer may be 
1 7o unity P.F, and 3-5 7o P.F.; that of a modem al- 

ternator with windings of high reactance may be 10 7o unity 
P.F. and 20-25 7o at 0*8 or 0*7 P.F. (§ 147). There is no means 
in the transformer of compensating for the additional voltage 
drop with low-power factor. The alternator voltage is held 
constant by increasing the excitation (§ 147) ; at the best, 
operation at low P.F. means that the exciter output must be 
increased (and the generator eflSiciency thus reduced), and it may 
happen that the alternator field coils reach their limiting tempera- 
ture before the excitation is increased suflSciently to maintain 
normal voltage — ^in that event the kVA, as well as the kW, 
capacity of the alternator is reduced at the lower power factor. 
At 0*8 P.F. the field current must be about 50 7o heavier than at 
unity P.F to maintain normal voltage and equal kVA output. 

The net effect of the increased losses and lower kW capacity 
at lower P.F. is an appreciable decrease in efficiency in the 
electrical system. At 0*8 P.F. and rated kVA output the 
efficiency of alternators is about 2 7o lower, that of transformers 
I 7o lower, and that of transmission lines 2-3 7o lower than 
at umty P.F. These reductions in efficiency involve higher fuel 
costs per kWh delivered. 

156. Causes of Low Power Factor. — The prevailing power 
factor of all commercial supply systems being lagging (§ 163), it 
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may be taken that any increase in iruluctivo reactance (§ 44) will 
lower tlie power factor, whilst any increase in char|j^in|^ current 
will raise the power factor. The i^reatcr the inductive rea(^tanee, 
ie. the greater the inductance and the higher tlu*. freqmuic.y, the 
lower the power factor, other conditions bfdng constant, yiinilarly, 
the larger the capacity and the higher tlic frequency, the higher the 
power factor, other conditions being constant. (See also § 1415 ( 1 ). ) 

The effects of the inductance and cap)acity of a lino on tlie 
power factor are ex(?inj)lifled in §§ 300, 305. The liiui itself tnay 
cause the current to lead or to lag with r<fforence to the K.M.F. 
according to wliether the capacity or tlie inductanc^e {)rodominat(‘.H, 
Underground cables have considerable capacity (§ 31 1), whilti 
inductance is more important in most oviirhead lines (§§ 299, 
305, 306). In the case of long distance, extra high voltage lines, 
however, the charging current is an important factor ami may 
compensate more or less accurahdy the inductive drop in tlie line 
at full-load (§§ 158, 318, 331); on liglit load, in such ciases, it 
may he necessary to compensate for the charging cuiTont by 
switching inductances into circuit. At all priissures up to 
50 000 V or HO, and for all distances up to aliout 50 miles, the 
inductance of overhead lines predominates oven- tlie capacity 
effect and causes a reduction in the 1\F, of th(‘, system. 

The magnetising current and magnetic leakage of transformei’s 
cause the total current to lag witli regard to the but tlie 

effect on the P.B\ is small at normal load. When a transformer 
is on light load (secondary circuit oi>en) its primary current is 
almost entirely wattless ; for this reason house-ligliting trans- 
formers have a very bad effect on the P.B"". of the system during 
the daytime. 

Arc lamps have relatively low P.F. flue to the characteristics 
of the arc itself (§ 56), the inductance of the ojMirating coils, and 
(where used) tlie inductance of regulating chokers; the P.F. of 
these lamps is commonly 0*85 for the arc itself and 0*7 or 0*6 
including the operating coils and ballast. Bllamcmt lamps are 
practically non-inductive and have thern.seives no appreciable 
effect on the P.B'., but the more of these lamps there are in use, 
the higher tlie average FJ'*. of the system. If the lamp bo used 
in conjunction with condensers (Chapter 20 ), the latter cause 
leading currents and raise the P.B'. 

Electric heaters are non-inductive if the circuits be so arranges! 
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that the magnetising effect of each wire is neutralised by the 
equal but opposite effect of an adjacent wire carrying the return 
current; if this precaution be not taken the apparatus is in- 
ductive, to a degree which increases with the proximity and 
amount of iron near the conductors. Arc furnaces are of relatively 
low P.F. for the same reason as arc lamps; if the furnace be 
used to melt iron or steel the circuit is particularly inductive 
(P.F. 0*6-0*65) until the temperature exceeds that at which iron 
becomes non-magnetic (§ 84); thereafter, the P.F. may rise to 
0*85 or 0*9. The P.F. of induction furnaces (Chapter 38) is very 
low in the larger sizes because of the low resistance of the 
secondary circuit ; in the largest furnaces of this type a supply 
frequency as low as 5 cycles / sec. has been used in order to im- 
prove the P.F. (§ 135). 

Synchronous motors and rotary converters may cause either 
lead or lag according to circumstances ; an over-excited syn- 
chronous motor may be used simply to counteract the lag due 
to inductive apparatus or it may at the same time be doing 
mechanical work (§ 160 c). 

By far the most important cause of low-power factor in average 
industrial supply systems is the induction motor. As explained 
in Chapter 28 this motor is essentially a transformer, but, due to 
the high reluctance of its magnetic circuit, it has a large magnet- 
ising current and a correspondingly low P.F. The actual value 
of the P.F. ranges from 0*8-0*85 at full-load to 0*6 or 0*7 at 
-J-load, and 0*4-0*45 at J-load in the case of large motors (50- 
100 h.p.). In small motors, of to 2 Lp., the P.F. maybe 0*6- 
0*7 at full-load, and 0*25-0*3 at ^-load. From these figures it 
is evident that induction motors should be operated as nearly 
as possible at full -load. On light-load the current consumption 
is almost entirely wattless, the power factor is about 0*1, and the 
kVA input is about one-third of the full-load kVA. Maximum 
P.F. is reached at about full-load; on overload the P.F. decreases 
because of the rapid increase in wattless component. The P.F. 
of high-speed induction motors is higher than that of low-speed 
machines of equal output (Chapter 28), hence the high-speed 
motor is to be preferred. The P.F. of single-phase induction 
motors is generally lower than that of 3-phase machines. 

157. Measurement and Estimation of Power Factor. — 
Power factor indicators or phase meters of various types have 
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already been described (§ 111). Such instruinejitH arci nsefnl in 
measuring the P.B'". of a particular load and in switchboard 
servic( 3 , but from § 156 it will be realised that the P.B\ is ever 
varying, both at different times and in difiercint parts of a circuit 
at any one time. Tlui P.F. meter should tlumd’ore b(‘, in the form 
of a recording instrument (§ fhl) when any (istirnati'.s aiu^ to b(i 
made which involve a knowledge of th(3 avi^ragci daily powcu' 
factor. 

For project estimating the values givcui in ''fable \*A for th(i 


Table 1^.— Power Factor at Heweiving End of 'Line with 
Varurm LoadSf at Full-Load in Each Cane. 


OontinuouH ciirronfc 
A.C.— Lighting only . 

Mixed, I lights, I, motors 
Mixed, i lights, | motors 
Motor load only 
Ditto, mining work . 
Ditto, single* phaHo . 


Auj^h^ of Lag. 


Nil 

3H" 

‘jr>r 

45- 


Pow«r Ear. tor. 
<l(m i{>. 


Unity 

0*05 

e-9 

(m> 

0*8 

0*75 

0-7 


Sill tf ) . 


Zero 

O'Sl 

0*450 

0*527 

0*G 

0*00 

0*7 


P.F, of the load at the reaving end of the trammmion line 
will be found sufficiently ac’.curate. P.F. at the generating 

end may be nearly <Kjual to these fig\in*,H if tluu’e are no trans« 
formers or other inductive appai’atus on tlui way ; on the otlier 
hand, it will be mucli lower if tliens are siweral transformationH. 
For instance, in a ease where thercs are st<5p-up transformers in 
the generating station, a transmission line., stc^jedown trans- 
formers at the receiving end, distributing transformc^rs bciyond 
these, and in some cases low-pressure lumse transformem as wtdl, 
the P.F. on a purely lighting load will be only almut 0115. The 
P.F. of a circuit containing fairly large Jl-phase induction motors, 
fully loaded, but with two banks of transfornau^s intervening, 
may be as low as 015. A sorious error in tlie predetermination 
of the P.F. may result in the generators failing to give the re- 
quired output ; they may giving their full designed pressure 
and their full-load current, hut if tlmse are HufHciently out of 
phase with one another the actual {Kiwer in true kih^watts may 

* The use of gin <p (called the * induction factor *) h explained in H 2011, S02, 
VOL. I. 225 15 



be below the Ml output required. It is not that the driving 
power is insufl&cient, but simply that the PR losses, due to the 
heavy lagging currents, set a definite heating limit to the output. 
So far as heating effects are concerned it makes no difference 
whether the current is a ' wattless ’ 
current or is in exact phase with the 
E.M.F. Thus it will be seen that, having 
assumed a given P.F. at the receiving 
end, according to the class of load char- 
acterised in the list above, each successive 
link in the chain up to the generating 
station must then be taken into account, 
in order to arrive at a final result, viz. 
the P.F. of the whole circuit or system. 
This wiU be seen in the examples in §§ 
299, 302, 305, 313. 

A graphical method * for determining 
the resultant kVA and P.F. of any group 
of loads, each of known kVA and P.F., 
is illustrated in Fig. 42. This figure is 
arranged consistently with Fig. 41 (§ 
154), but the current vector of each 
successive load is drawn from the end of 
the preceding current vector. 

By way of example assume that the given data 

42 ^ Addition of loads 8*^6 as shown in the left-hand portion of Table 14. 

of difierent power factors. The results obtained from the graphical construc- 
tion are given in the right-hand section of the 
table, the procedure being as follows : The line OE is taken as the axis of E.M.F. 



Table 14 . — Addition of Loads of Different Power Factors. 


Given Data. 

Calculated for Use i 
in Graphical 

Results Obtained from Graphical 
Construction. 

Load 

No. 

kVA. 

P.F. 

Construction. i 
kW = kVA X P.F. ! 

Load 

Nos. 

Combined 

kVA. 

Combined 

P.F. 

1 

100 

0*80 lag 

80 

1 

100 

0*80 lag 

2 

80 

0*75 lag 

60 

1 and 2 

180 

0*78 lag 

3 

75 

Unity 

75 

1, 2, and 3 

245 

0*88 lag 

4 

75 

0*85 lead 

64 

1, 2, 3, and 4 

290 

0*96 lag 


G-iven by J. A. Van Tilburg, El. Bev,^ Yol. 90, p. 436. 
9.9!A 
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and tliG arrow R denotes the direction of vector rotation. In the figure as repro- 
duced the scale of kVA is 100 kVA = 1 in. ; greater accuracy would be obtained by 
drawing to a larger scale. 

The vector 01 representing the current (and therefore the kVA, the voltage 
being constant) of load No. 1 is obtained by : (i) Setting out Oa along O E {i.e, in 
phase with the voltage) to represent the kilowatt component of the load to scale. 
In this case kW (= kVA x P.F.) = 100 x 0-8 = 80, which is represented to scale 
by 80 / 100 = 0*8 in. (ii) Drawing through a a line db perpendicular to OE. 
(iii) Drawing, with centre O and radius 01 = kYA of load to scale adopted 
{i,e. 100/100 = 1 in. in this case), a circular arc to intersect ah at I. The line 
01 represents the No. 1 load, the angle of lag being 6 and the P.P, = Oa f Ol = 
0 * 8 . 

For the No. 2 load we start from the point 1 and repeat the preceding con- 
struction, using the appropriate values for the lines Ic, 1-2. The P.P. of the No. 2 
load is Ic 11-2 — 0*75, but the combination of Nos. 1 and 2 loads has P.P. = 
Od / 02 = 1*4 in. / 1*8 in. = 0*78. The kVA of the combined Nos. 1 and 2 loads 
is represented to scale by ( = 1*8 in. = 1*8 x 100 or 180 kVA). 

The remaining two loads are added in the same way except that No. 3 load 
(being of unity P.P.) is represented at once by a line 75 / 100 = | in. long parallel 
to OP, starting from 2 ; whilst for the No. 4 load (which is of leading P.P.) the 
circular arc is struck on the left-hand side of the line 3e, thus setting the load 
line 3, 4 at an angle of lead a with regard to the axis of E.M.P. 

The combination of the four loads is represented by 04, the length (2*9 ins.) 
of which corresponds to 2*9 x 100 = 290 kVA on the scale adopted. The P.P. of 
the combined load is Of / 04 — 2*8 ins. / 2*9 ins. ==: 0*96 and is lagging. 

The beneficial efiect of non-inductive load (No. 3) and leading load (No. 4) in 
improving the resultant P.P. is shown very clearly in Pig. 42. 

158. Avoidance of Low-power Factor. — Though it may be 
profitable to employ phase-correcting apparatus it should not be 
forgotten that it costs money to improve an initially low P.F. A 
much greater net profit is therefore to be derived from the avoid- 
ance than from the correction of low P.F. ; this truism deserves to 
be emphasised, because some of the most serious causes of low P.F. 
(§156) can be avoided by suitable choice of apparatus or operating 
conditions. 

In the design of long distance, extra-high voltage overhead 
lines it is possible to select an operating voltage at which, for the 
power to be transmitted, the charging current balances the lagging 
component caused by the inductance of the line (§§ 318, 331). In 
some cases it might even pay to use underground cable over part 
of the route, for the sake of the additional capacity efiect thus 
obtainable. 

The principal method of avoiding low P.F. in the average in- 
dustrial supply system lies, however, in the choice and application 
of motors. Synchronous motors should be used in preference to 
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induction motors wherever possible ; as explained in Chapter 28 
there are now available synchronous motors which develop a good 
starting torque and are self-synchronising. High-speed induction 
motors should, be used in preference to low-speed machines, and 
no induction motor should be operated at less than its rated out- 
put if avoidable (§ 156). In this connection group-driving is 
preferable to driving by individual motors (see, however, Chapter 
29) where induction motors are employed, if the group motor can 
be operated at nearer its full-load than could individual motors. 
Often a group of machines can be driven by a synchronous motor 
(which can also be used for power-factor correction) instead of by 
individual induction motors. In some cases the use of D.C. 
motors supplied from a rotary converter or synchronous motor- 


E 



Fig. 43. — P.F. correction with 
constant kW. 


E 



Fig. 44. — P.F. correction with 
constant kVA. 


generator is preferable to the use of A.C. motors throughout a 
works, because it makes possible higher P.F. at the A.C. supply 
terminals and also gives the consumer the advantage of variable- 
speed D.C. motors. 

If 3-phase induction motors must be operated for considerable 
periods at less than ^-load it is worth while to use stator windings 
which are normally connected in delta, but which can be switched 
into star connection for operation at low loads. The efiect of 
changing to star connection is to reduce the voltage per phase to 
1 / ^3 times its initial value (§ 143) ; the maximum output of 
the motor varies with the square of the voltage per phase and is 
therefore reduced to one-third its initial value. With delta- 
connection the P.F. of the motor might be at |-load and 0’5 
at J-load ; with the star connection the values at the corresponding 
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Croinpton S (Jo., Ltd. 

Auto-Syncheonous Motoe Capable op being Used for Powee-Factor 

Correction. 

The pure two-phase winding on the rotor (90° phase difference) secures perfect 
balance and uniform heating during starting and running (see Chapter 28). The 
exciter being connected permanently to the rotor, starting is effected by closing the 
stator switch and operating the rotor starter. These motors can start against two 
to three times normal full-load torque, and synchronise automatically, even on 
overload. If the pull-out torque is exceeded the motor falls out of step but con- 
tinues to run as an induction motor until the excessive overload is removed, where- 
upon it synchronises again automatically. The machines can operate at unity 
P.F., or supply leading reactive power for P.F. correction in the circuit to whicli 
the}" are connected ; they are aj^plicable to almost any mechanical drive. 
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H.P.-output would be about 0*9 and 0*85 rcHpectively. At the 
same time, there would be an improvement in eHieiency at the 
fractional loads. 

159. Principles of P.F. Correction. — Tlu) P.F. correction of 
a particular load or group of loads of constant kW is illustrated 
by Fig. 43 in which Oly represents tluj initial current, lagging 
with regard to the E.M.F. and having a watt component O W and 
a wattless lagging component OL. If we a<ld a wattless leading 
component OC, tlie net lagging component is reduced to OM 
{LM =» OC) and the resultant cuiTent is OL*, which is less than 
0/1 and lags by a smaller angle Tlie P.K is thus raised from 
cos to cos 9*7 to 0*89 in the cast^ illustrated, by 

the provision of a correcting (leading) kVA representcHl by LM 
and here ecjual to 0*5 in. / 1'43 in. or 0*35 of tlurinitial (un- 
coiTocted) kVA represented by OJ ^ ; tln^ same re^sult can be njad 
from the chart Fig. 45. 

In practice, the fact tluit the total cui’rent was rt^duced from 
Oil to 0/2 (Fig. 43) by the impi’ovemcuit in P.F., would naturally 
lead to the addition of morc^ usidul loa<l to the system until the 
total current again reached its initial value. I'his case is repre- 
sented by Fig. 44, in which O/j OL* and JJi represimts the 
additional load (assumed to be at the wncofrvdvd P.F,, cos <pi) 
which cau lie added to the system iu order that tla^ current load- 
ing of tlie latter may niuiain at tlui initial valiui O/^ after P.F. 
correction to cos ^2* corrcictive kVA is repres- 

sented by and is 01>5 in. / 1*43 in. or 0*45 of the constant 
kVA represented l>y OIi or 01^. The correct! vi* kVA rtMjuiriHl is 
naturally greater tlian in the constant kVV case illustratcMl by Fig. 
43, but we have now an increase AH in the. kW siniplied liy tlie 
same total euri'ent in the mains. 

Tho con»tructif>n for Fig. 44 in an followH : Draw 0/, and 0^ { OIi) io 
re|mt»enti k> sc.alo tdio conHfeant kVA (or curnait) at tho initial and dewired iinal 
angles of lag 4>if respeedivedy. Produeo fi/j to intoriiecd at /p the lino /i// 
drawn through Jg perpendicular to O A'. Then I, DA'j roprtmeuts to wmle 
the required correxaive kVA. 

This constriKstion ainountH to inc-roasirig the uncKirrt*ckKl load to Ol{ and 
then correcting (at constant kW n^prcHenkHl by (i/f, <;/. B’ig, 4S) to the load 04 
which equals OJ^ hut in at higher P.F. The same result is oljtained by assuming 
0/| to he correcstod to O/^, at an angle at lag less than the ejctra load A 
at the initial lag biiing then addmi (as in Fig. 42) with tlie rcisulfc that the final 
load » Olg at hig In Fig. 44, eos 0*7 ; cos 0* HH5; cos - 0* ‘JS5 ; 
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if these values be used in the formulae given below the same results will be 
obtained as from the graphical construction. 

The ‘ correcting ’ kVA required to improve the power factor 
by a given amount increases rapidly as the power factor ap- 
proaches unity. The reason for this is evident from Fig. 41, 
§ 154 Referring to the curves therein, it will be seen that the 
power factor increases very slowly as the angle of lag or lead is 
reduced below, say, 20° ; conversely, the wattless component in- 
creases very rapidly as the P.F. decreases, and to increase the P.F. 
from 0*95 to unity it is necessary to neutralise a wattless com- 
ponent which is numerically equal to 31*3 7o total (un- 

corrected) current. The same point may be illustrated more 
clearly by reference to the vector diagram of Fig. 41. The currents 
Or\ 01, OE have all the same watt component OA ; if an equal 
corrective wattless component I" G = ID = be applied to each 
the percentage improvement in P.F. is much greater in the case 
of the low P.F. current OE than in the currents of higher initial 
P.F. Thus:— 


Current 

Vector 

Angle of Lag, <p. 

Power Factor (Cos (p). 

Percentage In- 
crease in P.F. Due 

(Fig. 41, 

§ 154). 

Initial. 

Corrected. 

Initial. 

Corrected. 

tive Component 
in Each Case. 

01" 

57“ 

51° 

0-545 

0-629 

15-4 % 

01 


284° 

0-804 

0-879 

9-3 % 

OE 

16^ 

Zero 

0-961 

1-000 

4-0 % 


The corrective kVA or compensation of wattless component 
required to improve the power factor from an initial value A to a 
corrected value B (decimal values, not percentages) is given in 
terms of the initial kVA by the following formulae : — 

Case (1) Constant-kilowatts (as in Fig. 43). 

Corrective kVA = j^^(l - A^) - ^s/{l - x 100 % 

of initial {uncorrected) kVA. 
Case (2) Constant-kilovolt-ampekes (as in Fig. 44). 

Corrective kVA = - A'^) - J{1 - ^ 100 7^ 

of the (constant) kVA of the system. 
The curves plotted from these formulae in Figs. 45, 46 will 
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areful study. Idie Hiiieh gi-ciatur c.orrective kVA nujuirc^d 
Lge the IlF. from 0-95 lagging to unity (tr rroiii iinity to 
.tling, compared with the corrective k V A re((uired for the 
’05 inerenieuis in {juwer factor is shown v<‘.i*y chiarly in 
ss of curves, ddie C()lrmtiv^^ wattless component nujuinMl 
ud change in l^R is naturally greatcir wlam the total kVA 
/ant, than whtm the, kVV is constant ; this is ])articularly 
>le when tla^ initial P. F. is low. Nev(U*theh;ss Fig. 40 



Ini to! Power factor 

>C 3 cirroeiive wafctleHS for 

ccjrrefauin; mmtmd kuK 


Initial Power Factor 

lOfL 4f». Oorreetiive watfehttii ram 
ptmtuil far hOUchI IM** eorre< 4 .ioij ; 
(omtant k VA . 


lids to the ultimate aim of jK)wm*-f actor corretdioti in the 
" supply network^ viz. to inereast? tins kW (‘apacity (in the 
fA ’ final P.F*. / initial P.F. ) whilst retaining the same 
loading in the Systran. {Hee examjjhs, § HKkn) 
vector <liagramH in Blga 41-44 are all for Hingh?-phaMe 
In tfm of jKdyphase circuits the current (or kVA) 
and the cornajtive wattless comfKment determined from 
-40 is that required per phane in th(^ |K)lypliaH(j Hysteiu. 
Methods of Improving P,F.— '‘riicre is a numliifr of 
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methods available for the production of correcting wattless kVA, 
the necessary amount of the correction being determined as 
explained in § 159. With the exception of the charging current 
of cables or overhead lines (§ 158) all leading wattless kVA must 
be produced artificially by either: (a) static condensers; (b) 
electro-chemical action; (c) synchronous motors; or (d) phase 
advancers. 

(a) Static Condensers , — The static condenser consists essen- 
tially of two metal plates separated by a suitable dielectric (§ 46). 
For use in P.F. correction oil-immersed condensers are made in 
units which can be assembled in parallel to obtain the desired 
capacity {fjuF) and in series to suit the supply voltage. The con- 
denser is connected in parallel with the load, the P.F. of which is 
to be corrected; the current in the condenser circuit leads 90'^ 
with regard to the E.M.F. (§ 46) and thus provides the component 
OC (Fig. 43.) The power consumed by the condenser is zero ex- 
cept for the internal losses, which do not exceed 0*5 7o of the 
kVA rating of the condenser. The condenser capacity required, 
per kVA of leading wattless component to be provided, is 
1 000/(27r/e^) farads or 10^/ (27r/(5‘^) micro-farads, where / == 
frequency in cycles / sec. ; and e = voltage applied to the con- 
denser. If jE = voltage between 3-phase lines, e for mesh- 
connected condensers ; and e == E / for star-connected 
condensers (§ 143); the mesh connection requires only one-third 
the condenser capacity required with star connection.* The 
capacity required increases as the frequency decreases, and it 
is rarely advisable to use condensers for P.F. improvement in 
systems of lower frequency than 50 cycles / sec. 

Condenser units designed for pressures up to, say, 600 V each 
may conveniently be assembled in series for pressures up to 
3 000 V. Switches may be provided so that the amount of 
capacity in circuit can be varied to suit the load ; to obviate risk 

* The voltage across the condensers is ij‘6 times as great in the mesh as in 
the star connection. If the condensers be exactly proportioned to the voltage 
the cost of the star and mesh arrangements is practically the same, but if com- 
mercial patterns of condensers are used either the star or the mesh connection 
may be the cheaper. For example, if the only available standard condenser 
units are for 250 V and 600 V, the 600 V type would have to be used both for 
mesh and star connection on a 600 V system and the mesh connection would 
then be cheaper, but the 250 V type could be used in star on a 400 V system and 
would probably be cheaper than the 600 Y type which would have to be used for 
the mesh connection. 
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I of shock the condenser must be short-circuited through an 

! auxiliary resistance when switched out of service. According to 

' circumstances, it may be advisable to leave the condensers always 

in circuit or it may be better to switch them off with the load to 
which they are applied in order that no leading current may then 
be taken from the line. Since the capacity (/jlF) required for 
f given corrective kVA varies inversely with the square of the 

voltage applied to the condenser it may pay to use an auto-trans- 
former (Chapter 17) to raise the voltage at the condenser above 
of that the main circuit. 

Standard sets of condenser units are available ranging from 
172 to 2 760 /jlF at 600 V (19-312 kVA output at 50 
^ cycles /sec.) ; or from 4f jj^F to 105 fiF at 3 000 V (12-297 

kVA output at 50 cycles / see.) ; the tanks for these sets measure 
k from 4 X 1-J X IJ ft. to 6 x 2^ x 4^ ft., and weigh from 5|- 

46 cwts. complete. For use with individual motors smaller sets 
f of condensers are available, of capacities from 17-139 fiF at 

250 V, or 9-2 /jlF at 600 V.^ 

Static condensers require no special erection and no attendance 
;; or maintenance ; they offer the only means of phase correction 

which can economically be subdivided for application to individual 
; small loads (§ 161). If the corrective wattless component to be 

f provided exceeds 300 kVA, it is generally cheaper and more con- 

venient to use synchronous motors. 

(b) Electro^chemical Phase Advancer , — The same elTect as 
that produced by static condensers, viz, storage of energy during 
^ one half-cycle and discharge of energy during the succeeding 

j half-cycle, can be obtained by utilising electro-chemical action in- 

! stead of electrostatic capacity If two lead grids pasted with red 

I lead be immersed in dilute sulphuric acid and connected in an 

A.C. circuit they constitute a storage cell or accumulator (Chapter 
f 18) which is ‘ charged ' during one half-cycle and is discharged 

t re-charged in opposite polarity during the next half-cycle. 

The amount of energy thus absorbed from and returned to 
the A.C. circuit is much greater than could be dealt with by a 
simple static condenser with equal plate area. On the other hand 
1 there are appreciable losses in the electro-chemical cell, hence the 

P.F. of the latter itself is relatively high. Best results appear to 

*For further information the reader is referred to an instructive descriptive 
list issued by British Insulated and Helsby Cables, Ltd. 
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be obtained when the electrolyte is at about 80° C. ; the resist- 
ance of the electrolyte is then low (§ 68), and the chemical activity 
is enhanced. 

According to T. P. Wall [Jour. I.E.E., Vol. 61, p. 119) the P.F. of a particular 
cell of this type was about 0*7 at 30° C. and 0*35 at 80° C. By connecting two 
cells in series in each rotor phase of a 4 h.p. induction motor the P.P. was raised 
from 0*5 (without phase advancer) to 0*64 (with phase advancer) on J-load ; from 
0*72-0-88 on J-load; from 0*77-0*95 on |-load; and from 0*79-0*95 on full- 
load. Also, the efficiency of the motor between ^ and full-load was 2 or 3 7o 
higher with the phase advancer in use than when running with short-circuited 
slip rings. 

(o) Syrichronous Motors . — The synchronous motor (Chapter 
28) is electrically identical with the synclironous alternator (§ 143) 
but is reversed in action, electrical energy being supplied to the 
stator, and mechanical energy being delivered at the shaft. In a 
D. C. motor the effect of varying the excitation of the field is to 
cause the armature speed to vary in order that the back E.M.F. 
may remain constant (Chapter 28). The speed of a synchronous 
motor is, however, fixed definitely by the frequency of supply 
and the number of magnetic poles (§ 135), hence the efiect of 
varying the excitation of the field system is to cause wattless 
cui-rents to flow in the stator circuit, these wattless currents being 
such that the resultant strength of the field remains constant not- 
withstanding the alteration in the exciting current.' If the ex- 
citation be reduced, lagging wattless current flows in the stator 
cmcuit (from the supply system) to maintain normal magnetisa- 
tion of the field system. With a higher value of D.C. excitation, 
no magnetising current is taken from the A.C. mains and the 
P.F. of the motor is unity. At yet higher values of D. 0. excita- 
tion the surplus field induces (and is magnetically counterbalanced 
by) a leading wattless current in the stator circuit. In other 
words, an over-excited synchronous motor supplies a leading 
wattless current to the A.C. mains and may therefore be used, 
like a static condenser, to compensate for the lagging wattless 
current taken by other apparatus supplied from the same mains. 

Over- excited synchronous motors are sometimes run light 
(without mechanical load) simply to efiect P.F. correction and, 
when thus used, they are often termed ‘rotary condensers.' 
Synchronous motors are frequently used in this way at the far 
end of long transmission lines in order that the latter may be 
relieved of wattless current which would otherwise result in 
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serious voltage drop (§ 155). Formerly synchronous motors were 
of little use for industrial power service owing to their low start- 
ing torque and the necessity of synchronising them (§ 149) ; now, 
however, there are self-synchronising motors available which start 
as induction motors and drop automatically into synchronism 
(Chapter 28) ; such motors can be used for P.F. correction as well 
as for driving a mechanical load, but their output for both these 
purposes is naturally lower than that in either service alone. 

On practically all the present-day transmission systems, synchronous con- 
densers of some form or other are floated on the line for the improvement of P.F. 
A synchronous condenser will deliver 70 of its rated kVA in energy and approxi- 
mately 70 °/o in wattless leading kVA for P.P. improvement. Take a case where 
it is necessary to raise the P.F. from 0*65-0*90, assuming a load of 450 kW. 
This amount of energy at 0*65 P.F. is 690 total apparent kVA, and has a compon- 
ent of 690^ — 450^ = 525 wattless kVA lagging. With this same amount of energy, 
and the P.F. raised to 0*90 or 500 apparent kVA, the lagging component of watt- 
less kVA is 500^ — 450^ = 220. Now in order to raise the P.F. from 0*65-0*90 it 
is obvious that a synchronous condenser with a rating equivalent to the difference 
between 625 and 220 is required, or 525 — 220 = 305 wattless kVA leading. On 
one system the author has in mind, this method of using synchronous condensers 
went too far at times, and one or more receiving stations where these units were 
installed had to cut out practically all the exciting current so as to reduce the 
voltage (W. T. Taylor, Jour. Vol. 47, 194). 

A convenient means of estimating the efiect of a synchronous 
motor in P.F. correction and of determining the mechanical load 
which can be carried in addition to the correction of P.F., is 
illustrated by the following examples due to Van Tilburg {loc. 

cit, § 157) 

(1) Suppose that to a load of 100 kVA, P.F. 0*8 lagging, there be added a 
synchronous motor carrying 35 kW useful load. The maker’s data for the syn- 
chronous motor are : 50 kVA at unity P.F. ; 0*9 P.P. leading at J-load ; 0*75 P.P. 
leading at 4-load ; 0*4 P.P. leading at J-load. What is the resultant load and 
P.P. ? 

The solution is obtained from Fig. 47 which is constructed on the same 
principles as Fig. 42, § 167. In the diagram as reproduced the scale is 50 
kVA == 1 in. The initial load of 100 kVA is represented by OJ, 2 ins. long, drawn 
at such an angle that OA / 01 = 0*8 {i.e, the initial P.F.). At full-load unity 
P.F. the synchronous motor (50 kVA) is represented by IB, 1 in. long, parallel to 
OE ; and the total load is OB = 2*88 ins. = 144 kVA (to the scale adopted) at P.P. 
= 00 / OB = 2*6 / 2*88 = 0*9 lagging. In this case the improvement is due 
solely to the addition of load at unity P.F. ; the whole output of the synchronous 
motor is mechanical. 

At f-load, the mechanical output of the synchronous motor = f x 50 kVA = 
37*5 kVA f in. to scale = ID in Fig. 47. As the P.P. of the machine is 0*9 
leading, at this load, the total kVA of the machine = 37*5 /0*9 = 41*6 kVA and 
is represented by IE, 0*83 in. long, cutting DF at E. (Note : DE is drawn to the 
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left because the wattless component is leading.) Thus at f-full mechanical load 
on the synchronous motor, a corrective component Z)jE is available ; the total load 
is OE = 125 kVA and the P.F. is OF J OE ^ 0-94 lagging. 

The points G, H corresponding to J and J-load are determined in the same 
way, and the curve BJ is sketched in. 

The specified useful load of 35 kW is represented by JZ (= 35 / 50 = 0*7 in.). 
From K drop KL perpendicular to OE. Then the total load is represented by 
OM (line omitted for clearness) = 2*45 ins. = 122-5 kVA at P.F. ^ OL j OM = 
0-94. 

(2) Assuming the same initial load and same synchronous motor as before, 
what mechanical load can the latter carry whilst 
improving the P.F. to 0*92? 

Take any convenient length OiV, erect the 
perpendicular NP, and mark off OP — ON / 0*92 ; 
then cos = 0*92. Produce OP to cut the 
curve BJ at Q. Draw RS through Q perpendi- 
cular to OE. Then IS — 0*87 in. = 43*5 kVA 
to scale, and this is the mechanical load which 
the motor could carry under the prescribed 
conditions. 

By using a regulator, on the 
principle of the Tirril type (§ 147), 
the field of a synchronous motor can 
be varied automatically as required to 
maintain predetermined P.F. in a 
system. 

During periods of light load the 
spare alternators in a station may he 
operated as over*excited synchronous 
motors, their prime movers being un- 
coupled or, in the case of turbines, run 
idle in vacuo. The alternatois in 
service are thus relieved of wattless 

current, but the improvement does not 

Fig. 47. — ^Efiecfc of synchronous x i u j x i i 

motor on P.F. extend beyond the generator bus bars ; 

the transformers, transmission lines, 
etc., still operate at low P.F. 

{d) Phase Advancers . — Though static condensers and syn- 
chronous motors are ' phase advancers ’ when used for P.F. cor- 
rection, this term is generally reserved for special machines which 
may be connected in the rotor circuit of an induction motor to 
improve the P.F. of the latter. The use of such auxiliaries is only 
practicable in the case of large motors. The principle employed 
is that of injecting through the slip rings of the motor a current 
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Thrkk-Phask Excitor (Phasm Advancer) for Use with an Induction Motor* 

In its simplest form tliis type of phase advancer comprises an armature wound 
like that of a D.G. machine and an unwound stator. The armature is driven by an 
auxiliary motor or it may be belt-driven from or direct-coupled to the main induction 
motor. After starting tlie main motor with resistance between its slip rings, tlic latter 
are switched on to the brushes of tlie phase advancer. Three-x>hase, low-frequency 
slip current from tlie main rotor then flows to tlie armature of tlie phase advancer 
and establishes a rotating field. By driving the pliasc advancer at liigher than the 
synchronous speed corresponding to this rotating field, the advancer can bo made to 
supply all the magnetising current for the main motor which tlien operates at unity 
P.F. If the speed of the phase advancer he increased, the main motor supplies load- 
ing current to the network in which it is connected. Induction motors of about 40 
kW have been built with a phase advancer of this typo on an extension of the main 
motor shaft witliin one of the end casings of the combined set. The cost of a 
separate phase advancer is not likely to be justified unless the main motor is 100 IcW 
or more, and normally operating at 0-85 or lower P.F. By varying the sliced of the 
phase advancer unity P.F. can be maintained down to one-third rated load. If phase 
correction is required at lower loads the magnetisation of the main motor is best effected 
by U.C. and the machine then becomes a ‘synchronous induction ’ motor. The 
phase advancer shown above has a capacity of 35 kVA at 770 r.p.rn. It is a 4-pGle 
machine, designed for a full-load current of 600 A, and arranged for driving by bolt 
from the main motor. The power required to drive it is only that absorbed by friction 
and other losses, and is often less tlian the reduction effected in the losses of the main 
motor. The maximum torque of the latter is greatly increased by the use of the 
phase advancer. 


[To face tp. 23G.. 
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POWER FACTOR AND ITS IMPROVEMENT § ido 

which is leading with regard to the rotor voltage. This current 
relieves the stator circuit of the duty of naagnetising the machine 
and, as the leading current is supplied to the rotor at the low 
voltage corresponding to the ‘slip’ of the rotor, the kVA capacity 
of the phase advancer need be only 5 7o less) of the kVA cor- 
rection effected in the main supply circuit. The full corrective 
kVA would have to he provided if a static or rotary condenser 
were used in the supply circuit. The ‘ phase advancer ’ is thus at 
a great advantage where high-power motors are concerned. 

The Scherbins method of controlling the speed and improving the P.F. of a 
3-phase slip-ring motor involves the use of an auxiliary 3-phase commutator motor 
driving an induction generator. The stators of the main motor and of the induc- 
tion generator set are connected to the bus bars, and the rotor of the main motor 
is connected to the commutator motor. On reducing the speed of the main motor, 
* slip-energy^ is transferred to the auxiliary motor, which then drives the induction 
generator above synchronous speed and restores energy to the bus bars. Control 
is by varying the excitation of the commutator motor, and thus applying a variublo 
hack E.M.P. to the rotor of the main motor. By use of a special phase trans- 
former, the phase of the current through the auxiliary commutator motor and 
the rotor of the main motor can be varied, and thus the P.F. of the main machine 
raised to unity. 

The Miles Walker phase advancer is provided with main exciting windings on 
the stator which permit the phase of the advancer E.M.P. to be adjusted at will. 
If the advancer E.M.P. acts in conjunction with the rotor E.M.P. of the main 
motor, the slip of the latter is reduced ; the phase advancer is then actually 
delivering energy to the main rotor. On the other hand, if the advancer E.M.P. 
opposes the rotor E.M.P. the rotor slip is increased, and the advancer runs as a 
motor driven by energy withdrawn from the main rotor circuit ; this offers a con- 
venient and economical means of slowing down the main motor. Compensating 
windings on the stator of the advancer ensure good commutation. For further 
information see Jour, I.JE.E., Vol. 42, p. 599, and Vol. 50, p. 329. 

The Kapp phase advancer makes use of the fact that a conductor carrying 
A.C. and oscillating in a D.C. field becomes the seat of a leading E.M.P. which 
improves the P.P. of the A.C. As applied to a S-phase induction motor, the 
phase advancer consists of three bipolar D.C. armatures vertically above each other 
in a single main carcase. The field magnets of these armatures are connected to 
an exciter on the induction motor shaft. The three armatures themselves are 
in delta-connection, and connected to the slip rings of the induction motor. 
The phase advancer is short-circuited by interlocked switchgear, whilst the induc- 
tion motor is being started; then the short-circuit is removed and the low-fre- 
quency rotor-slip current sets the armatures in oscillation, a leading E.M.P. is 
induced in them, and the P.P. of the motor is improved and the B.H.P. of the 
machine increased. Por further information see JSJlec^iciant Vol. 69, pp. 222, 
•272; and Jou/r, LE.E., Vol. 51, p. 243; Vol. 61, p. 89. 

The part played by compensating windings in improving the 
E-F-of A.C. CQmmiitatpr roofcora is mentioned briefly in Chapter 28, 
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and the .subject is one of too .symcialisc'd a nature to justify 
further treatment in tlu^se pajre.s. 

i6i. Location and Control of Apparatus for P.F. Correc- 
tion. It is clearly dosirahlo that there should he placed iiimiwli- 

ately adjoining every loaii of low P.F., phase correcting appai-atus 
which will raise the P.F. of the eomhiuatuin to unity, tlius re- 
lieving even the feeders of wattless current. P.P. c;orrecting 
apparatus relievo.s the geni'rators and the circuit Iwttwnen itself 
and the generators, hut not the circuit iMstwcen itself and 
the load. The application of syjiehrouous uiofors or phase 
advancers to large individual loads is economically practicable. 
Static condensers can he connected directly in parallel with the 
load and switches! in an<I out with the latter; eondensers are, 
however, only a[)pli(!ahl(! t.o relaiively sniall loads aiui cannot, 
easily he adjusted to suit wi<le variations in load. P.F. r-orrcction 
for inisccllan(‘.ous industrial loads is generally best edccfcd by 
synchronous motors located in sub-stations. By jdotting a P.F. 
map of the system tint best situations for tlio correct ive apparatus 
can be determined and the cotnjHuisation <-an la* adjusted con- 
tinuously to suit the. load ; unless the compensatiou is thus ad- 
justed there may bo huiding wattless currents at times, and those 
are as objectionable as lagging current (§ 

Centralimd Prodmtum of Waitlm$ priirijrjil rriijflitians ft fg 

imposHiblo to oporafco an k.i). at an |tow«*r of imlfcy, htnee 

the current has inevitably a waitlcsH ff>mpontnit which miiHl he prfMlyritfl hy the 
generators which feed t)i(! sygteni. It has \mm KuggcMtrd Unit riifJipr Ifian to 
allow all the generators to operate at or about the mmin fiowor factor of Ihti 
system it would he better to supply all the wattlown ciirrimt from one gun uralor 
(operating at praw,;tieally i«aro power factor), the otliifr gone rat orn ll-iitii ri|'^^riiilng at 
unity power fackir. This metliod wmihl cmscimlmte in » ulriglii wnil all the idte 
generating capacity and investment which are otherwise divided ImUvmrn all llii 
generihtors on the network; and, in general, th© eonditlr^ni^ for rmitrolliii.g thi 
generation of wattless curmiit would he mf»re favotirahhi hi a plfirit dMVtiltifi ipici- 
fically to this duty. The mm pmi^r factor generator littli 

ni.ochanical power to drive it (my 10 the kilovoli-^ampiwe oiilpttt al giro 
power factor) and this energy— reprewuiting the losses due hi lliii wallliii* current 
—could generally be supplied inoro ecoiifuni rally by a special prlfiiii inrtver than 
by a synchronous motor running light and r»vi«r.#xclte<l (| um h} Ur powiir factor 
correction. Again, the turbo-genisrafeor normally in .«iipp|y llie wmttliwi 
current could be used in emergency Ut supply fiffective piwer tip If) tfiii kilowatt 
rating of the prime mover. Thr* dlstributirm of the walthms eiirriirit from a etnlr&l 
point would generally involve an irier#*a«ft In the PtI Iosmiis In ilm ttmliii, but th® 
(Uitual infwoase in those Ioshch should not outweigh fchei«i%*aiiiage* galfiiiil in other 
directions. It is purely a firmncial problem to d«torfiriiiiii the neottfiiny cir other- 
wise of centralised wattloM gfiniration in any |mrtio«lar ijiiteiaa. {Smi ulm § Il2d.) 
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Bearing in mind the ofTect of low P.F. in roduoing Un^ fdTof-t.ivo kW capacity 
of plant, on which dopond the fixed cohU per kWh 272), it Hfionis that waUloHK 
cniTonti can he prodii(?od numt. rKu> nominally in utiationH where the ral.io of fixed 
(eapital) to running contH is lowent. fn a tranamiHuion line*, tin's fixr'.d eonts are liigh 
e.ornpared with the eoat of energy diHsipated in the line, hnnfu' the long-diMtarn^o 
traiiHinisHion of wattloHH e.urrent, riiHulting in rndiieod kW (uipaej’fcy of the line, is 
to be avoided. 


162. Economics of P.F. Correction.— Flic (IcjHiraliiliiy of 
P.F. correction on teclinical ^^ronndB in obvious from § 155, from 
which it will be s(*.en, how<‘,vor, that the ill ethicts of low P.F. are 
at the expense of the suppruu* of dectricity. Unless tlu^ supply 
tariff pc^Tialist^H low P.F. (| 274) there is no imbuM^jnent to the 
consumer to improve the P.F. of his load. On tln^ otlun* hand, 
the Hupplie,r may compidled to raisf^ f/h(‘. P. F. of i.hc! syHist‘m in 
order that the. declanul voltage tnay b(» maintained at the e.oiH 
surner’s tf^rminals, or he may find it ch(‘.ap<‘r to install and o|>eratc 
apparatus for P.F. correction than t.o l(^av(i idle, th<*. (Mjnipnumt 
which is rendered unproductive by low P.F., and to supply the 
additional losses occasioned by low P.F. ''riiis is a puixdy com- 
mercial problem, and must ha considfjred for (‘ach cma on its 
merits. In an A.C. supply systmu operating at O’fj P.F. the 
eapital char^c« p(^r efffictive k W capacuty of tlu5 <j^c‘neratin|^ station 
and distribution oqtiij)m(mt are {lorhaps 50 higher than they 
would b(3 if the P. F. were unity. 

The following excerpts anj instructive; the costs montioned 
are pre-war values, but the relative values arc3 still alMSit tlu^ satrap. 

For an oxpendituro of 7«. or Hn. por kVA ‘mrroofcod,’ it in poHnihlo fco oliiain 
tho advantagen of P. F. oorrootion thrfmghont the «uj>ply Ryntoni, i,r. on cablen, 
transformorH, and goneraiing |dfint. If that m oonHidorod for any particular 
system it will ho found that it givoH an oxfollentf return on the invontmcnt 
(Larke, Jour. Vol. 53, p. 4.33). 

The cost of phiiso fwIvancorH per wattlcHs leading kVA introductxl into the 
line may ho ahcnit IOk. ; for «yn«diroitouH condfinHcrK alnnit Jg)H. ; and ftir Mtatic 
condonBcrs about 4 C>h. 'rhin is vory much Iohh than the oout, per kVA of the 
generatori, tranwfonnorH, and f^ahloH for gonorating and traunmittiug wattloOT 
currontH (G. M. Brown, Jour, LK,K,^ Vf»l. 53, p. 662). 

The ingtallation of jKwur.factor corrctdlng apfiaratuH m fdroapor thrwi incrciw- 
ing the plant capwJty of the wholo ayntem (for the «atno final kW loa(l) if the 
ratio : (Cost por kVA comp«n»ated hy P.F. correction) / (cost per kVA ff'»r whole 
electrical c<iuiprrient, genoratora, Hwitehgear, transform cahleR, etc.) Is lesg 
than (cos - co« ^j) / sin Thin ratio i« simply tlie rmmeri<'.al inorcwine 

iti P.F. divided by tlie nine of the angle of phase a<Ivancement. It In never econo« 
mical to install P.If. correcting apparatun if the above ratio oxesoodH iiii ; for 
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any marked economy to result the ratio should be distinctly less than sin 0^ 
(Power Factor Correction^ by A. B. Clayton (Pitman)). 

163. Bibliography (see explanatory note, § 58). In addition 
to the papers mentioned in the preceding paragraphs there have 
been innumerable contributions to technical periodicals and to the 
proceedings of scientific bodies. At the time of writing, the only 
book dealing exclusively with the subject appears to be Power 
Factor Correction, by A. E. Clayton (Pitman). 


CHAPTEIi d. 

SOURCES OF ENERGY AND PRIME MOVERS. 

164. Methods of Driving Generators ; Power Required.— 

Whether of large or small size, a generator (dynamo or alternator) 
may either be directly coupled to its prime mover, the two shafts 
being joined up by half -couplings or flexible couplings, or it may 
be driven by belt or rope. The cost of a generator depends so 
much on its speed ^that where low-speed prime movers are used a 
belt drive is generally necessary ; with low-head water turbines 
even gearing often has to be employed. On the other hand, with 
high-speed prime movers direct coupling is generally adopted. 
In the case of steam turbines the mechanical construction of a 
suflSciently high-speed dynamo offers difficulties,'^ and special 
design is necessary. 

The B.H.P. required to drive a given dynamo at its rated full 
load = (Watts / 746) x (100 / Efficiency For example, a 

generator with an output of 41 A at 220 V gives 9 000 W or 
9 kW, and if the efficiency is 88 7o ^be B.BLP. required to drive 
it will be (9 000 /746) x (100/88) = (say) 14 B.H.P. It must 
be remembered, however, that all generators are capable of 
running for a limited time on a 25 °/o overload (§ 136), and this 
advantage will be lost if the prime mover cannot do likewise. 
With oil and gas engines, it is especially necessary to state the 
maximum B.H.P. which is required at the coupling or pulley 
under the given conditions of fuel, altitude, and so forth (§ 179). 

Where a belt drive is necessary it may be noted that the maximum tension 
which single belting of ordinary tMckness (say J in.) win stand in practice is 
about 90 lbs. per inch of width. The H.P. transmitted is (T - t)v j 33 000, where 
T and t are the tensions on the tight and slack sides respectively, and v is the 
linear velocity in ft. per min. This gives H.P. = vZ) / 750 or 6 = H.P. x 750 / t?, 
where b is the width of single belt in inches ; since 746 W = 1 H.P. the product 
vb represents very nearly the watts transmitted. A double belt will transmit some 
60 °/o MLore. In the case of ropes the H.P. transmitted is = Tv / 44 000, where T 

* See also ‘ Difficulties of Design of High-speed Generators, ’ by A. B. Field, 
Jour. LE.E., 54, pp. 65 et seg. ; also § 145 herein. 

VOL. I. 241 


16 


§ 1 65 ELECTRICAL ENGINEERING PRACTICE 

denotes (Safe working load on each rope x Number of ropes). The safe working 
load is about 200 lbs. per sq. in., and v may vary from 4 000 to 5 000 ft. per min. 

165. Sources of Energy. — The meclianical energy required 
to drive dynamo-electric generators (which are the only type used 
for commercial supply (§§ 126, 132)) may be that already avail- 
able in nature (wind or water power), or it may be derived from 
the heat of solar radiation or the heat of combustion of fuels. 
The shortage and high cost of fuel in all countries have 
•directed attention to the more extensive development of water 
power (Chapters 8-10) ; improved types of water turbines and 
increased use of automatic plant (§ 187) have made profitable the 
development of many falls which have hitherto been regarded as 
useless. In Great Britain, however, coal is still the principal 
source of electrical energy.* 

Though wind power is fickle and cannot economically be 
utilised in high-power units, it offers a tempting means of provid- 
ing energy for small estates. In this application the wind wheel 
is geared to a D.C. generator which is connected in parallel with 
a storage battery to the supply mains. The storage battery is 
essential to the maintenance of supply during periods of calm. 
Though each case must be considered on its merits, it may be 
doubted whether the capital and maintenance costs of the windmill 
and relatively large storage battery required, do not exceed those 
of the self-starting petrol engine and small capacity battery 
(§180) which generally could be employed in its stead. Formulae 
for the horse-power of wind turbines are complicated and none 
too reliable. It is claimed that a wheel 25 ft. in diameter 
develops about kW at the generator terminals when the wind 
speed is 12-^ m.p.h. and 18 kW when the wind speed is 25 m.p.h. 


*Tbe subjoined data are derived from statistics published by the Electricity 
Commissioners : — 


Year ending March 31 

1921 

1922 

No. of stations submitting returns 

. 501 

587 

Total kWh generated in millions 

, 5167-3 

4884-7 

Percentage of total kWh generated from or by 
Coal and coke 

. 95-9 

97-22t 

Waste heat 

3-12 

1-11 

Oil engines 

0-46 

0-64 

Destructors 

0-34 

0-36 

Water power 

0-09 

0-59 

Gas engines (town gas) .... 

0*08 

0-08 

f 96*9 °/o in steam stations and 0*82 % in 

gas producer stations. 
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The power developed increases roughly with the square of the 
diameter of the wheel and with the cube of the wind speed. 
There is obvious advantage in locating the windmill on a hill-top, 
where there is seldoia a calm and where the mean velocity of the 
wind is higher than in valleys. If the hill-top site is far from the 
prospective electrical load, the scheme cannot be developed with 
direct current. The use of an alternator would solve this diffi- 
culty by making high-voltage transmission practicable, but no 
storage of energy is economically feasible in an A.C. system. By 
the use of induction generators (§ 144) at the wind turbine, the 
latter can be situated at the most favourable site, alternat- 
ing current being transmitted at high voltage from the asyn- 
chronous generator to supplement the output from synchronous 
generators in an existing AC. supply system. Interesting 
suggestions for the use of windmills to pump sea water to the 
top of cliffs, the water being then delivered as required to Pelton- 
wheel generators at the bottom, are given by R. A Fessenden, 
Electrician, Sept. 16, 1910. 

Direct utilisation of sun heat to raise steam in large area low- 
pressure boilers, or in high-pressure boilers at the focus of suitable 
reflectors, is quite practicable in countries which are practically 
free from clouds. The solar radiation reaching the earth’s surface 
has been estimated to be equivalent to 5 000 H.P. per acre at noon 
in summer. The Meadi (Egypt) sun absorber, erected in 1913, 
had a 4J : 1 ratio of mirror to boiler surface and, at 40 % boiler 
efficiency, developed 63 B.H.P. per acre covered by the plant. ^ 
The Shuman engine which was used consumed 22 lbs. of steam at 
atmospheric pressure per B.H.P.-hr. It was estimated that this 
installation could compete with coal at £3 10s. a ton. The 
principal utility of such installations is probably in irrigation and 
other pumping service. 

i66. Efficiency of Production of Mechanical Energy by 
Combustion of Fuel. — Heat derived from the combustion of fuel 
may be used to raise steam from which mechanical energy is then 
derived by allowing the steam to expand in a reciprocating engine 
or turbine, or the fuel may be burned in the engine itself {internal 
combustion), the gases thus formed at high pressure in a confined 
space being then allowed to expand, and so to develop mechanical 

*For details of this and other sun-absorbers papers by A. S. E. Ackermann 
before the Soc. of Engineers, April, 1914, and the Boyal Soc. of Arts, April, 1915. 
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energy. ' Waste heat,’ such as that in the flue gases from an in- 
dustrial furnace or in the exhaust gases from an internal conabus- 
tion engine, can be used to raise steam for use in an auxiliary power 
plant. 

External Combustion Cycle, — The 'mechanical equivalent ’ of 
1 B.Th,U. (§ 48) is about 778 ft. -lbs. but it must not be assumed 
that the whole of the heat developed by the combustion of fuel 
can be converted to mechanical energy in this proportion. 
Mechanical energy can be derived from heat only when the 
temperature changes. If Q B.Th.U. be delivered to any heat 
engine at an absolute"^ temperature F. and exhausted at 
absolute temperature F, the amount of -heat which could theo- 
retically be converted into mechanical energy = Q{Ti - T^) j 
and the thermal efficiency would then be ~ T^) / This 
shows at once that the thermal efficiency is higher, the greater the 
range of temperature (Ti - Tg) in the working cycle. 

From steam tables it will be found that the absolute temperature of saturated 
steam at 165 lbs. / sq. ins. (absolute) is 825° F., and at 1 lb. / sq. in. (about 29 ins. 
vacuum) is 561° F., hence the theoretical thermal efficiency of an engine working 
between these limits is (825 - 561) / 825 = 32 7o- Allowing for the losses inevit- 
able in an actual engine the thermal efficiency might be 20 °/o, and the engine 
would then have a relative efficiency^ compared with the ideal engine, of 20 / 32 = 
0*62 or 62 %. 

The mechanical efficiency of the engine, which bears no relation to either the 
actual or the relative thermal efficiency, is the ratio of the mechanical energy 
available at the shaft to that developed at the point where the heat is converted to 
mechanical energy. In a reciprocating engine the mechanical efficiency = Brake- 
H.P. / Indicated-H.P., and the difference (I.H.P. - B.H.P.) = the frictional 
loss in the engine plus the power required to drive the air pump (in condensing 
engines). The mechanical efficiency may be 90-95 °f^ in single-cylinder non- 
condensing engines, and 75-85 % in condensing engines. 

The total heat of saturated steam at, say, 165 lbs. / sq. ins. 
absolute is 1 195 B.Th.U. / lb. (reckoned above 32° F., see steam 
tables), and that of standard steam at \ lb. / sq. in. (about 29^ ins. 
vacuum) is 1 086 B.Th,U. /lb. Under actual conditions about 
1 000 B.ThuU. / lb. of steam consumed is rejected in the condens- 
ing water or, in a non-condensing plant, lost to the atmosphere. 
This loss represents about 60°/o of the heat value of the coal 
burned below the boilers. The amount of heat thus rejected 


The absolute temperature in Fahrenheit degrees = (temperature on the 
Fahrenheit scale -f 459); the absolute zero of temperature being - 459° F., i.e, 
459 -H 32 = 491° F. below the freezing-point of water. 
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could only be reduced by lowering the final temperature of the 
steam; lOO 7o thermal eflS.ciency in any heat engine is not 
even theoretically possible unless the working fluid can be utilised 
down to the absolute zero of temperature ( - 273° C. or - 459° F.)* 
In practice the lower limit of temperature is 212° F. for a steam 
engine exhausting to atmosphere, and from 80°-120° F. for a 
condensing engine, according to the vaccuum maintained. 

The lower limit of temperature for the steam cycle being thus 
fixed, the only means of ina^easing the efficiency of the cycle itself 
(as distinct from reducing the heat losses in the boiler and pipe line, 
and the friction losses, etc. , in the engine) is by raising the upper 
limit of temperature. This may be done by using higher steam 
pressures and by superheating the steam to the highest tempera- 
ture permitted by mechanical considerations (§§ 172, 174). 

The use of mercury vapour in a thermo-dynamic cycle offers 
a means of raising the upper working temperature (and thus in- 
creasing the possible efficiency (T^ - T 2 / T^) without employing 
high pressures.* The first commercial installation operating on 
this principle is at the Dutch Point station of the Hartford (Conn.) 
Electric Light Co.f and has an oil-fired mercury boiler containing 
30 000 lbs. of mercury. On top of this is a 2 000 kVA mercury 
turbo-generator, the exhaust mercury vapour from which is con- 
densed by the water tubes of a boiler which supplies steam to steam 
turbines as usual. In such a plant mercury vapour can be sent 
straight from the mercury boiler to the condenser boiler if desired. 
The mercury boiler and turbine can be added to existing steam 
plants without affecting the steam cycle ; the mercury transfers 
heat from the fuel to the steam and the additional power, derived 
from the mercury cycle, is expected to halve the overall fuel con- 
consumption per kWh. 

The advantages of mercury as a thermo-dynamic fluid are : (1) Its boiling- 
points at desired pressures are convenient (about 732° F. at 25 lbs. absolute, 677° F. 
at atmospheric pressure, and 457° F. at 28 ins. vacuum), thus making possible 
operation in a range of temperature above that of the usual steam cycle without 
much exceeding atmospheric pressure. (2) Its high specific gravity (13-6) makes 
possible gravity feed, gravity sealing of valve stems, etc., and centrifugal sealing of 
turbine packings. (3) At the temperatures used, mercury is neutral to air, water, 
iron, and such organic substances as it may come into contact witb. (4) The 
interior of a mercury boiler is always perfectly clean. (5) The vapour density of 

* The pressure of steam rises rapidly with temperature, and the turbine is not 
well adapted for utilising very high pressures. 

t See m. Wld., Vol. 79, p. 1 186. 
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mercury is so liigh. that the spouting velocity is low and a very simple type of 
turbine can be used, generally a single wheel. (6) It is expected that there will 
be no erosion of the turbine blades, these not being wetted. (7) The volume of the 
vapour at convenient condensing temperatures is such that the turbine buckets 
need not be abnormally high (this is one of the chief difficulties in steam turbine 
design). (8) The mercury condensing boiler is very small and simple compared 
with a fuel-heated boiler ; it resembles a surface condenser and is immune from 
scaling and burning. 

The cost of mercury is high but only a relatively small quantity is required; 
the vapour is very poisonous, but the system can be sealed effectively (W. L. R, 
Emmet, Gen. El. Rev., Vol. 17, pp. 47, 99). 

Internal Gomhustion Cycle . — The inherent advantages of the 
internal combustion cycle are that: (1) Heat is developed in the 
actual space where the development of mechanical energy occurs, 
thus eliminating boiler and pipe losses. (2) The temperature 
range of the working cycle (and therefore the thermal efficiency 
attainable) in the engine is greater than that of the steam cycle. 

167. Thermal Efficiencies of Prime Movers ; Fuel and 
Steam Consumptions. — A knowledge of the approximate thermal 
efficiency of various prime movers is useful in practice, because it 
enables one speedily to form a good idea of the amount of any 
particular fuel consumed by a particular type of engine. The 
heat-equivalent of mechanical work is about 42*4 B.Th.U. per 
H.P.-min., or 2 545 B.Th.U. per H.P.-hr., so that if the thermal 
efficiency of an engine be E 7o> engine will require 

(2 545 X 100 / iff) B.Th.U. per B.H.P.-hr., and if the calorific value 
of the fuel used be H B.Th.U. per lb., the fuel consumption of the 
engine will be (254 500 / E x jff) lbs. per B.H.P.-hr. If the heat 
of the fuel is developed in a boiler or gas producer before passing 
to the engine, the fuel consumption of the engine will be given by 
(25 450 000 J E X H X e), where e is the thermal efficiency of the 
boiler or producer, etc. This method of evaluating fuel consump- 
tion is applied in Table 15, the results in which are in good general 
agreement with the practical data given later. Since, however, 
a fractional difference in fuel consumption represents a large sum 
of money per annum where the production of large quantities of 
energy is concerned (§ 193), it is necessary to attach great impor- 
tance to such differences, in practice, and this involves taking 
into account small differences in calorific value, degree of superheat, 
vaccuum, barometric height, and so forth. Since all these factors 
cannot be taken into consideration in such a summary as Table 15 
the data there given are correspondingly approximate. Values of 
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Table 15. — Thermal Efficiency of Prime Movers, with derived 
Fuel Consumption Data. (See also Table 20, § 179.) 




Thermal Efficiency. 






'o nd 




B.Th.U. 

per 

B.H.P.-hr. 

Fuel Used and 
Calorific Value : 

(a) per Lb. 

(b) per C. Ft. 

Fuel Consump- 

Prime Mover. 

g o 

Engine 
(from 
Admis- 
sion to 
Crank- 
shaft). 

Boiler 

or 

Pro- 

ducer, 

etc. 

Overall 

(Fuel 

to 

Crank- 

shaft). 

tion per B.H.P.- 
hr.* (on Load 
Stated in 

Col. 2). 

Steam engines — 


7o 

7o 

7o 

B.Th.U. 




Simple .... 

1 

10 to 

70 

7 

36 400 


2*7 lbs. 




15 

80 

12 

21 200 

Average 

Coal 

13 500 {a) 

1*6 


Compound (condensing, 

1 

16 to 

75 

12 

21 200 

1-6 


saturated steam) 


18 

80 i 

14*4 

17 700 

1*3 


Triple or quad. exp. (sat- 

1 

20 to 

75 i 

15 

17 000 

1*25 


urated or superheated) 


24 

80 

19-2 

13 250 


0-98 


Steam turbines— 









Up to 500 kW 

1 

10 to 

70 

7 

36 400 


2*7 lbs. 


5 000 to 10 000 kW 


15 

80 

12 

21 200 

Average 

1*6 


1 

20 to 

75 

15 

17 000 

1 Coal 

1-25 




23 

80 

18*4 

13 850 

13 500 (a) 

1*03 


Exceptional . 

1 

26 to 

75 

19*5 i 

13 000 

0*96 



28 

83 

23*3 

10 900 


0*81 


Heavy oil engines (includ- 

1 

25 to 



25 

10 200 

Crude oil 

18 500 {a) 

0*55 lb. 


ing Diesel) 


30 or 
35 

— 

30 

35 

8 500 

7 275 

0*46 

0*39 


Paraffin engines— 









Small .... 

1 

15 to 

— 

15 

17 000 

Paraffin 

19 500 {a) 

0*87 lb. (or pint 

Large .... 

1 

20 

20 to 


20 

20 

12 700 

12 700 

0*66 approx.) 
0*65 


25 

— 

25 

10 200 


0*52 









Lb. 

Pint. 

Petrol engines . 

1 

16 to 

— 

16 

15 900 

Petrol 

0*8 

0*92 


24 

— 

24 

10 600 

20 000 (u) 

0*53 

0*61 








Lbs. 

a Ft. 

Gas engines — 







Coal. 

Gas. 

Using producer gas . 

1 

20 to 

75 

15 

17 000 

Anthracite or 

1-22 

94 1 


25 

1 85 

21*3 

11 950 

bituminous coal 

0*85 

76 1 


S 

20 to 

75 

15 

17 000 

14 000 {a) 

1*22 

94 1 


i 23 

85 

19*6 

13 000 

yielding suction 

0*93 

82 1 


h. 

15 to 

70 

10*5 

24 200 

or producer gas 

1-73 

126 + 


20 

80 

16 

15 900 

135 (5) 

1*14 

94 + 


* It must be understood that the figures in this column are calculated (as explained in text). The 
basis on which they are calculated is rational, so that the figures are a reliable indication of the results 
which may be expected in practice. At the same time, it is impossible to lay down hard and fast rules. 
For instance, in steam plant, the design of engine, pattern of boiler, quality of coal, draught, skill of 
stoker, or good working of the mechanical stoker, all affect fuel economy to a marked de^ee. 

Assuming 94 efficiency in large generators at full-load, add 43 °/o (ie. multiply by 1*43) 
to those figures in this column which refer to operation at full-load in order to obtain the fuel consump- 
tion per kWh delivered by the generator on full-load. 

f These figures are naturally referred to the thermal efficiency of the engine alone. 
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Table 15 {continued). 




Thermal Efficiency. 



Fuel Consump- 
tion per B.H.P.- 
hr.* (on Load 
Stated in 

Col. 2). 


is 




B.Th.U. 

per 

B.BLP.-hr. 

Fuel Used and 

Prime Mover. 

Engine 

(from 

Admis- 

Boiler 

or 

Pro- 

Overall 

(Euel 

to 

Calorific Value : 
(a) per Lb. 

(d) per C. Ft. 



sion to 

ducerj 

Crank-l 





Crank- 

shaft). 

etc. 

Shaft). 1 




Gas engines — 

Using town gas 

1 

20 to 
25 

20 to 


25 

20 

B.Th.U. 
12 700 

10 200 

12 700 

Town (or light- 
ing gas) 

500 (d) 

25-4 c. ft. 

20*5 

25*4 



23 


23 

11 100 

22-2 



15 to 


15 

17 000 

34*0 



20 

§ <o 

rS ca 
^ CP 

20 

12 700 


25*4 

Using coke-oven gas 

1 

20 to 

bO^ 

!= r! 

20 

12 700 


29*5 c. ft. 


25 


25 

10 200 


23 '7 


S 

20 to 

1 1 

20 

12 700 

Coke-oven gas 

29*5 



23 

W ? 

23 

11 100 

430 (d) 

25*8 


i 

15 to 

S, tp 
bO 

15 

17 000 

39*5 



20 


20 

12 700 


29*6 




>r» O 


12 700 


141 c. ft. 

Using blast-furnace gas . 

1 

20 to 


20 



25 


25 

10 200 i 


114 


•A 

qg 

20 to 

1 ^ 

20 

12 700 

Blast-furnace gas 

141 


23 

OP <u 

O 

23 

11 100 

! 90 (b) 

124 


j. 

15 to 

eS a 

15 

17 000 1 

190 



20 

20 

12 700 1 


141 

Exceptional . 

1 

25 to 

2 

E-i « 

25 

10 200 

Natural gas 

12-5 c. ft. 


30 


30 

8 500 

800-850 (b) 

10*4 


fuel and steam consumption taken from pi*actice are given in the 
later paragraphs dealing with individual types of prime movers. 

The economy of steam engines and turbines is generally ex- 
pressed in terms of steam consumption either per LH.P.-hr., per 
B.H.P.-hr, (or particularly in generator sets) per kWh. If a be 
the percentage mechanical efficiency of the engine and b the per- 
centage efficiency of the electric generator : — 


Lbs. per 
I.H.P.-hr. 


Lbs. per 
B.H.P.-hr. 


Lbs. per 
B.H.P.-hr. 


Lbs. per 
kWti. 


W lbs. per LH.P.-hr. = W 100 W ^ a 10 000 W / a.b 13 400 W / a.b 
W lbs. per B.H.P.-hr. = a.W f 100 W 100 W / b 134 W / 6 

Wlbs.perE.H.P..hr. = a.6.W / 10 000 6.W /lOO W 1*34 W 

W lbs. per kWh =a.6.W/13 400 6.W / 134 0*746 W W 


The value of a for good steam engines is from ?5 to 85 
for condensing engines (§ 166) ; 80 7o would be a reasonable 
average. The corresponding figure for Diesel engines is lower ; 
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it may be 84 or 85 so far as concerns the motor itself, but, 
allowing for power required to drive the air compressor, the net 
B.H.R averages from 70-77 % I.H.P. in high- and low- 

speed four-cycle engines respectively, and from 67-|-7l °/^ in 
high- and low-speed two-cycle engines. The term indicated 
horse-power has no meaning in connection with a steam turbine, 
and the nearest approach we can make to a factor corresponding 
to a above is to say that the mechanical output of a turbine is 
from 70-75 7o mechanical equivalent of the heat drop 

(as reckoned according to the equation for adiabatic expansion). 
Suitable averages for the generator efficiency b are 94 7o large 
machines, 90 7o 1^0 kW machines, and 85 7o kW 

generators. 

Fuel consumption data relating to steam engines and turbines, 
and based on considerations of thermal efficiency, are included in 
Table 15, but these figures must not be converted to steam con- 
sumption data simply by multiplying the (lbs. of fuel per B.H.P.) 
by the (evaporation per lb. of coal); see Table 17, § 170. To do 
this would give an incorrect result, since the evaporation data in 
Table 17 are referred to 212° F. The heat required to evaporate 
1 lb. of water from and at 382° F. (the temperature corresponding 
to 200 lbs. absolute steam pressure) is 12-J °7 less than is required 
to evaporate the same weight at 212° F. ; where steam is super- 
heated, the heat required for the latter purpose compensates to 
some extent the decrease in latent heat of evaporation, with rising 
temperature. Due to the varying heat content of 1 lb. of steam 
under different conditions, statement of the steam consumption of 
an engine gives no definite measure of the thermal efficiency of 
the latter unless the steam conditions be specified fully. It is 
much better to state the heat consumption per I.H.P. -min, or per 
B.H.P.-min. Theoretically LBLP. - min. == 33 000 / 778 = 42*4 
B.Th.U. If the actual heat consumption (measured at the stop 
valve) be h B.Th.U. per B.H.P.-min., the thermal efficiency of the 
engine is 4 240 ! (See also § 191.) 

i68. Fuels for Steam Boilers. — By far the greatest part of 
the electrical energy produced in Great Britain is derived from 
the combustion of coal, sometimes with the admixture of coke 
(§ 165). Generally these fuels are burned below steam boilers 
but, in relatively small installations, they can be used to advantage 
in gas producers (§§ 178, 181). 
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Coal Purchase and Storage . — Goal is frequently purchased under a contract 
which fixes a basic price for coal of stated calorific value (say, 12000 B.Th.U. / lb.). 
A proportionate addition to or deduction from the basic price is made according as 
the actual calorific value exceeds or falls below the agreed standard. Also the basic 
price may be modified according to the percentage of ash, moisture, and smalls in 
the delivered coal. For example it may be agreed to pay 2d. a ton extra for 
every 1 °/o by which the ash content falls below 12 ; to deduct 1 from the 

chargeable weight of coal for every 1 °/o by which the moisture content exceeds 
10 7o J deduct J ®/o from the chargeable weight of coal for every 1 by 

which the percentage of ‘ smalls ’ (passing through a | in. mesh) exceeds 20 °/o. 

It is usual to store not less than one month’s supply of coal in the immediate 
neighbourhood of the power station. This frequently involves the storage of some 
tens of thousands of tons. To reduce breakage and the risk of spontaneous 
ignition, coal stacks should not be higher than 10 or 12 ft. Dust, slack, and mix- 
tures of coals are particularly liable to ignition. Oily waste and similar material 
should be excluded, and the stack should not be near hot pipes, etc. Coal may be 
stored satisfactorily to a depth of 20 or 30 ft. in concrete basins filled with water, 
but the wet coal should be drained before use. However stored, coal gradually 
disintegrates and loses somewhat in calorific value but the deterioration is not 
serious under reasonable conditions. 

The use of pulverised coal — ground so finely that 85 7o 
pass through a screen with 200 meshes to the inch and 95 7o 
through a 100-mesh screen — is claimed to make possible the 
eflScient use of inferior material, and also to permit the solid fuel 
to be burned (like gas or oil fuel) with little more than the weight 
of air theoretically required for the process. Boiler efficiencies of 
85 7o higher have been obtained during tests with pulverised 
coal, and the latter is as flexible to control as gas or oil. The best 
method of preventing atmospheric pollution by ash and boiler 
fouling by slag, is probably bo catch the ash and slag in a sump 
below a sudden turn in the path of the products of combustion 
(on the principle of the steam separator). The cost and risk of 
drying, storing, and distributing the pulverised fuel are reduced 
by the use of pulverisers which grind the fuel at each boiler as it 
is required for use, but there are obvious counter-objections to 
such subdivision of the pulverising plant. 

A mixture of oil fuel with coal ground so finely as to remain 
in colloidal suspension is claimed to be safer and more economical 
than either ingredient alone. 

Coke, when dry, consists of 80-95 7o carbon, the remainder 
being ash and 1 7o so of sulphur. Good coke with only 5 7o 
moisture and 10 7^ ash is worth about 12 500 B.ThU. / lb. and is 
excellent for steam raising. Unfortunately, coke readily absorbs 
as much as 20 7o moisture. 
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Lignite or h7*own coal is used for steam raising in some 
countries and ranges from 6 000 to 12 000 B.TkU. /lb., an 
average value being 7 500 B.Th.U. / lb. Many attempts have 
been made to utilise ^eat profitably ; * the principal diflBculty 
is that of drying the raw fuel economically (peat as dug may con- 
tain 80 7o of water). The calorific value of dry peat is about 
9 000-10 000 B.Th.U. / lb. ; and of that with 25 7, water, 7 000 
B.ThU. / lb. It is not necessary to dry the fuel so thoroughly 
for use in a gas producer as for burning below boilers, but it is 
prohibitively costly to transport the bulky, moist, and low-grade 
fuel for any considerable distance ; the power plant must there- 
fore be situated at or near the peat deposits. 

Wood, sawdust, cane trash, rice husk and other similar 
materials may be used profitably where available. Provided that 
larger grate area is provided the same steaming capacity can be 
maintained as with coal notwithstanding the low calorific value 
of the fuel which may be anything from 6 000-2 000 B.Th.U / lb. 
Town refuse varies greatly in composition, but is generally worth 
from 1 000-2 000 B.Th.U. / lb. and is profitably utilised in 
many places. 

Oil fuel is technically excellent for steam boilers, but its cost 
is high and unstable. ^ Crude petroleum has a calorific value of 
18 000-19 000 B,Th.U./ lb. The oil is atomised by a steam or 
air blast or by being forced under pressure through suitable 
nozzles ; the rate and conditions of combustion are under im- 
mediate control, a very small surplus of air is required for com- 
plete combustion, and there is no ash formed. A boiler eJBBciency 
of 85 7o or higher can be maintained, and the steaming capacity 
of a given boiler is about 15 higher with oil than with coal, if 
bafl3.es be provided to act as high-temperature radiating surface in 
place of the incandescent fuel bed. As an approximate guide, 
it seldom pays to use oil for steam raising if its cost per ton ex- 
ceeds l^-lf times that of the alternative coal. 

Waste gases from blast furnaces, coke ovens, and steel works 
are used successfully in many large power plants, the gas being 
fed to burners below standard coal-burning types of boilers, or 
used in a Bonecourt boiler (§ 170). 

In selecting the fuel for use in any power plant, security of 

* Reports on the subject are issued from time to time by H.M. Stationery 
Office for the Fuel Research Board ; see also El. Bev., Vol. 90, p. 477. 
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Table lf> i« on oHtirnab^H by T. H. VVoilaHt^m {I^hujimrr, Vol. I It), p. 
and shown (dearly the ee.onomy <»f |>ower generation witli l»y-pro(lu<di roe.overy. 
The data relate to alUsrnaiivis H(diem<m for producing I fi(K) RH.I^ (irietdianical 
power), working 7<)(X) hrn. per anmnn at an average load of 1 (XX) ff.l*., i.e. at 
58 7o fttotor ; the eoHts given are on a pn^-war Ijanifi, hut this do(iH not afhed, 
the general pur pone of the <*ontpariHoti. 

For fiirfchitr infoniuitioii tho r<wl<4r may h(^ i-nlornul to a n^pori 
by Sir l)u|^al<l (Jlork and Prob^HHorH A« SmitlmllH and .1, W. (?o!)l) 
on the Coal Can and Kleetiifal Supply Indn.strieH of ttnj llnibul 
Kini^nlom, addruHHed to ihe Irmtitution of (ian Engineers (^vv; also 
Jour. I.K.K,, Vol. 58, jt 7(55); ami to the puhli(*ationB of the 
Fuel ltosoar(‘h Ik>ar<i (ILM. Stationery Ofliee). 

170. Steam Boilers. -Larger niod(u*n boih^rn hav(i tip to 
60 HCj. ft. of heating Hurfaei^ per H((. ft. of gratis anja, ami Uj) to 
6 or 8 llm. of water are (^va|Kirat<;d per h(|. ft. of heating surfaet* 
per hr. In boilers of oldcs* (lesign the ratio of lieating to gi*at(‘ 
surface is from 20 to 80: 1, and tlu^ evaporation only 8-4 lbs. 
per sq. ft. of lieating surface {s^r hr. (srr also Table 17). Values 
for the heating surface rcHfuired in coal-flnul boilers piu* I.ILP. of 
various typcis of (mgines starved are as follows: Simple bigli- 
pressure, non-comhmsiiig (uigines, 7-8 sq. ft. ; compound, nom 
condensing, 5"() sq. ft. ; compound, condensing, 4-5 h([, ft. ; triphs- 
expansion, non-comlensing, 4-5 sep ft. ; triple expansion, con- 
densing 2|-8 H(|. ft. ; turbiuoH, 2-2f S(j. ft. '^rhe weight of (^fuU 
burnt ptu* s(|. ft. of grates surface per hr. dejamds primarily on tlu^ 
draught enqiloyed ; tlie figures given in Tahh‘ 17 nder to natural 
draught Csing forced <iraught, 100 lbs. or mon*, of coal Ciin l)(^ 


Taiu.k \J .—Average Boiler l)ata>. 


Ty|Ms of Ikiilifr, 


Hunting 
Htnrfsim : 
ilmts Arm. 


Evft{K)ratb)ii 
imr Hq. Kt. 

ncittiitg ' 
Hnrf^m mr 
Hour. 


(kml t»(^r 

Hc|. n. 

Oriit(» p(^r 
Hour. 


I Water 
I Kva|.K>mtcd 
I per Lt,>, of 
(Xml Burned. 


Comi»h . . . . 20 to SO ; 1 

LancMhire . . . . * 20 „ 25 ; I 

Water-tubu, ordinary . . ' 40 „ 00 : 1 

„ high*powcr * . 1 25 „ SO : 1 
Boriecomrfe (gw-firerl) . . ; No grata 


Iba. 

8 to 4 
4 „ 6 

^4 H 
54 ,, H 
16 „ m 


IhH. 

15 

15 to 20 
15 „ 25 
25 



* Ls. specially compact boilers with high steaming capacity ; every proviuioii 
made to secure brisk circulation and rapid heat transforenc©. 
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burned per H(}. ft. of p<‘r lir., btit 25410 11m. reprttf 

the nuixinuiin for central station pra(!tie<%* «and 15-20 11 
usual value. 

Water-tub() lK)ilerH, which ant at pn*K«*ni the standi 
merit for steam raisin*^ in larj^tt staticais— es|H*eially the 
& Wilcox ami the Stirlin^j^ tyinm— itvaporaie up to 0 
loOOOO lbs. of water j><*r hr. O 50 000.2(H) 000 !ha /hr. 
periods), tint steam ]a*t‘ssure heinji^ up to 550 Ihs. / h«|. 
the total steam temj)erature f including superheat) up t 
Several sucli boilers may be refpured to feial a sini^le 
Particulars of very lii^h |HiW(*r, waier-ttilw boiler jirnctii 
be found in tint/?/. lirr,, Vol. 75, p, 200. 

Umhtr ordinary conditions and with |.(e>od (toal, u 
84 Ihs. of wahtr can he (‘vaporaied (frumand at 212’ F 
of coal burnt in modern iH)ih*r.s, risin*.,^ to 0 or lOlhii 
efhcictncy |>lant skilful]}' «)perateti. (J<ail of calorific 
15 500 li'rii. IJ. |Htr Ih. vvcaild evap<irate alamt 14 lti«. 
from and at 212' F., wttre it jKmHihle to use all the 
coal Actually, tht» thermal e!lieiem*y of a coiif-fireii tioih 
siflerably below 100 ' llie proper basis of compariHon 
different laiiler installations is the overall eflieiency 
Huperlieat(‘.r, and (iconomiscr. With a clean baler and <* 
the overall effi{‘icmey of laaier, KUperln^iiter, ami ccoiioiiii 
he 85 7,.» tluj distriliution of the lif*ai derivfsl from th 
generally within tin* following Hmits : In ImilerfiH «iij: 
0 7uy t^ee)nomiHer l/.r. 75 7 .,. of the Inmi is 
steam, failing to 55 <ir 00 in inetlhderit iiwtiilIiitioriM f) 
flu© gases 15 7o (HonH!tiiiic?H 50 ), l*y nnliation 5 7 foftet: 

andliy moisture, unhtirnt resitlue, cie, 5 7nCbitiil Ions 25 7 
to 40 7, mont in ineHicicnt iitHtalliitioiis). Hofiie of i 
tem|K)rature heat in the giisim leaving the ecsuiomiser may 
to pre-lu^at tlicj air fen* the furnace to, say, 105" F., the tem| 
of ill© gases halving tine pre-lif^iitf*r Iteiiig then iibuit, 5CMf 

ddiii lionecourt boiler witli fee«l licat#?r iiftiiiri« an 
idfieiency of 00-02i '’, 7 . This laiiliu* is of the fire-liilie ty] 
refractory hri(*k or twisti,sl iron filling iriHifle tlici tiilmia 

*Th«heit.t dctvelejMta piir hr. |Hsrm|, fi. ef gmln awa li thiin ftlirittl 
n.Th.U. OHiiig c.joal worth II 7 CXI IhXh.ll. / Iti. 

t Bm ‘ Avciragis Figurtw far the IhirkmnmmM of Witnitil Typm 1 
lieilers,^ by Ik Brr>wttho, Dec, 10 and 17t 
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or gaseous fuel or waste heat from furnaces, gas engines, etc., is 
used ; with liquid or gaseous fuel combustion proceeds flarnelessly, 
and in all cases the gases in the tubes impinge again and again 
on the heating surface, the filling material in the tubes meanwhile 
giving out a high percentage of radiant heat. Only 5 or 10 of 
excess air is required for perfect combustion, and tint (wapoi*atioii 
is from 15-35 lbs. / sq. ft. of heating surface / hr., from and at 
212° F. (Table 17). A Bonecourt boiler 6 ft. <lia. x i8.J-ft. long is 
capable of delivering 20 000 lbs. of steam per hr.^ 

171. Boiler Room Efficiency. — The minimum equipment 
and procedure required to determine and maintain efficiency in 
the boiler room is as follows : Coal-weighing apparatus and 
periodic determinations of the calorific value of tlie coal are re- 
quired to make possible calculation of the heat input. Steam 
meters record the <|uantity, and pressure gauges and thermometers 
show the condition of the steam delivered ; thence the thermal 
output of the boiler can be determined by roreronco to steam 
tables. For the complete control of the conditions of combustion, 
and to detect air leakage tlirough the boiler setting, irregular fire 
bed, etc., manometers and thermometers (both distant-indicating) 
are required at various points in the path of tlie air and fluci gases. 
Thermometers should be placed also inside tlie inhit and outlet of 
the superheater and economiser. 

Flue gas analysis is an o.Kcellent guide to tlie conditions of 
combustion and should preferably be effected by an automatic 
recording apparatus which determines both tho carbon dioxide and 
the oxygen in tlio gases. The ideal percentage of carbon dioxide 
in flue gases from a boiler burning average Englisli coal is 18- 
19 ; the actual percmitage under good conditions and steady 

high load is 12-14 the avurago during 24 hrs. is rarely 

over 10 and is often 8 7o, 6 7o» ^t^he theoretical per- 

centage of carbon dioxide should be approached very closely wliere 
oil or gas fuel is employed. 

It is very important that tho steam i)ipes, etc., bo adequately 
lagged with heat insulating material ; the loss by radiation should 
then be about | or J B.Th.I7. / sq. ft. / hr. / U F. temperature 
difference between tho steam and the surrounding atmosphere 
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(compared with 3 or 4 B.Th.lF. intlie ciine of l>iire pi|Mt). Inferior 
lagging may be wornci tlian uHeh\sH in that it Kimply increaHen the 
radiating stirface. 

The efficiency of a lioilcu* plant in improved materially by the 
use of fecMl wat(5r which doi‘H not foria Hcah*. In condenHing in. 
HtallatioiiH a reiativ(dy small amount nf makit-up feedwater in 
reqnir(‘,d, and if this he s\d>jeet<*d to pridiminary diHiillation in a 
steam-heated (ivaj>orator no H(‘ah‘“making maieriii! in carried into 
the boilers. The steam and wati‘r cireuitH vmi Im* arranged ho 
that the net expimditun* of heat iiixodveii hy the preliminary 
evaporation is viny sinall. ddie. fe(*t! \vati*r slnmld nowhere be 
exposed to air l)(‘cauH(; air in solution pnanoies <*orroHion of the 
boilers. Th(i t(‘Hting of feed wuih*r by tin electriciil conductivity 
is mentioned in § I IT 

172. Reciprocating Steam Engines. The advitnkgiis of 
reciprocating steam (uigines (iompanei with oih«*r {mime movem 
where the output re(|uin‘d is less than, say, 1 Ci(K> k W are <)iscuB8etl 
in § 189. Tins shaun cormuinjition of iliene anginciH varies over 
a wide range. Nona^ondensing Himph* ongincH may cmiwime from 
45-60 lbs. steam p^^r B.HJ^-hr. in hiiiii!! si/.es and 2848 ibn. 
in 100 H.B or larger units. 'Fhe sante iMiginitH wa#rki*d eondensing 
will consume, roughly, 25 7 ,. less stnaiii or, say, 85-10 lha per 
B.H.P.-hr. in small si/,eH and 20-25 11^. in liirger engines. 
GomiK)un(I, cotulensing engimm may fw iiuiclt as 20- 

25 lbs. steam per BJ:hl^-hr., hut 15*17 Ilia in 11 satisfactory 
range when*, engimm of 2CK)-5(>0 IIP. fire caaiceriiial Jn lugh- 
class triple-tixpansion engini^H, ofs^rathig' under fiivouriilile cireum- 
stances, the steam (‘onHUtnpiion is rnfliicwl to 12-14 lbs. per 
B.H.P.-hr. Suker and Allis irijile-eximnsion imgiiieH, represent- 
ing the best practice of thi*. (jontimmt and the United States, have 
a consumption varying from nui2| 11^. p*r I,.H.P.-hr., and 
exceptional reHiiltH as low as 10 llm. |>«^r IJiPdin (say, H)| llm 
per B.H.P.dir,) Inive hecn reachmJ. At lofols iilmi’© or below 
normal full load, tfjese cormwinptirm figures iin* cxccediffl, usually 
by not inori! than 5 nt l| and j-fiill load, litit by 15-20 7# 
mon*, at |-load In * ■imifiow ’ mfjimn iln* exJimi^t fairfc is at the 
midfllcj of tlio cylimlcff, ami is ojairterl ami clo,sefI by the piston 
moving ovetr it ; l»y eliminating the of live steam over 

surfaces cooled hy exhaust steatn, tliis iirriirigiiiiictiit riMliic« con- 
densation losses and imprffves eflieieuc^y, A curtain 400 H.R 

cma 


/li’fliHH (0 A/n/raj//., IJd. 


IIlGir-SPKHI) TliliM/H-i^lXI'ANHION S'l’KAM 'I<)N(IINK DRIVING A D.CJ. fl MNI'JUATOR. 

Th(! fcatiini.s am (‘intlosun; of workini^ parkH, and iJio uho 

of forcA'd luljrhtatirjii on tlu* artorlad priiioiplo. Oil is c.irc.uIa.lKid auiiomaiinally to 
all the boarinjfs liy a pump discdiar^iiig at 10-20 lbs. / sq. in. (lov(!rniiig is by 
throttbi at light loads, by va.riaidc (‘xpansion at lK:a,vy loads, a,nd by a cfaiibinaiioii 
of those incthods at int<!rni(;<liat(' loa<ls. d'wo-craiik o.oinpouud and non-(!ompound 
engines are su])pli(!d for inaxiniuni out}>uts from OH B. II, P, at ObO r.]).in. to 720 
B.P.H. at HOO Tlui nf)n-('ouipoun«l engines are for st(*a,m pr(*ssureK of HO-OO 

lbs. / sq. in., and a ])r(3ssnre of MO-lbO lbs. is r(*(3omm(md(!d for tlui (annpouud 
engines. d’ri])l(!-(!xpanHion migimfs are supjdied ffir outputs from 200 B.II.P. at 
bOO / b50 r.p.in. to 2 500 I5.1M1. at 1K7.4 / 200 r.p.m., and a steam pmssuri! of 
170-200 lbs. / sq. in. is nieoinmended. Whore the skiain priissuni is suirKoent and 
tbo engine is to ojterati; (amdensing, tla? triple-expansion type; is b(!.st, but the eom- 
pound type is c^ften ])referable for non-eondensing or for working against a bairk 
pressure, d’he weight of the compound and tripki-expansion engines Ufspee-tivoly 
is roughly ;4 cw't. and f, ew't, p(;r B.H. Ik; or I <'wt. and I:|> (nvts. p(;r inelud- 

irig D.G. generatca* and bed plate. 
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SOURCES OF ENERGY AND i^RIME MOVERS § 173 

simple, condensing engine of this type consumed about 12 lbs. 
steam per B.H.P.-hr.* 

The advantage of wsxiperheating steam for use in reciprocating 
engines is theoretically very small but is actually very great; 
there is a small increase in the theoretical efficiency of the cycle 
where superheated steam is used, but the great advantage lies in 
the more or less complete elimination of cylinder condensation. 
In typical cases from 10 to 25 7o i*^*duction in coal consumption 
is effected by the use of superheated steam in reciprocating 
engines (see also § 174). 

The enormous increase in specific volume of steam at low 
pressures makes it difficult to utilise liigli vacua as effectively in 
reciprocating engines as in turbines. 

In Germany, W. Schmidt has cxperiment(i<l for many years 
with the us(j of pressures up to 000 lbs. / sep in. in reciprocating 
engines (Scmice A bst/racts, Vol. 25, p. 2). ''rhe steam is superheated 
botwocm the high and low-pressure cylinders, and it is claimed 
that the heat consumption is as low as 140 B.Th.U. / B.H.P.-min., 
corresponding to 20 7o thermal efficiency. Ordinaiy compound 
condensing engines using steam at 120-180 lbs. / stp in., super- 
heated to 250'' G, coiamonly require 200-250 B.Th. U. / LH.P.-min. 
or, say, 250-300 B.TI 11 .U. / B.H.P.-min. It is claimed that the 
high-pressure engines consume 20 less heat tlian turbines using 
steam at 225 lbs. / sep in. Also, the high-pressure engine is par- 
ticularly suitable for operating with high back-pressure, the ex- 
haust steam being utilised for heating purp)OHeB (§ 188). 

173 * Steam Turbines.-— Steam turbines have no marked 
advantage over I’eciprocating engines in j)oint of steam economy 
until c|uite large units are concerned. In units exceeding 
1 000 kW the turbine effects great saving in capital cost and 
space occupied, and its higlier steam efficiency (though little 
superior to that of the best reciprocating engines) represents a 
large saving {Kjr armunL The most efficient steam turbines have 
26-28 thermal efficiency, which is higher than that of gas 
engines, and is only exceeded by that of Diesel-type engines. 
The latter have not the compactness and simplicity of the steam 
turbine, and cimnot ye.t be built in suclx powerful units (§ 179). 

* For further information on reciprocating nteam enginoH the reader may bo 
referred to a (jhaptar on the gubjeot, by one of tiie authors (Mr. Neale), in 
Whittaker’s Mechanical Engimer^B Pocket Book {8rd edition). 
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From the faetn stated in § I74 if will Ih' eh-ju- that no nni 
vorsally applioihle dahi nan he ;t,dven eoneerninj^ t\it' atmm 
mm,ptio7i of turlmu‘s. Also it will Im* eh-ar <ha< nt»tliiii<r 1,.,,^, 
than an accurate .slateineiit. supph-iiifufed fi\' full piulicalarf, 
concernin^r working'’ conditions, is Millieicnt in praetieal workir 
Atthesamc time, i(. is useful ktmw that tinder averaif,. „i,- ^ 
conditions* tin* steam eoiisninplion oi a :>(H> k W turhim* nny 
taken as Iti-lh Ihs. j«t kWh; of a 1 niMi kW lua-hin.', im irl 
If) lbs. per kWh ; of a 2 000 OOO k W niaehiiie. as if^v, 

per kWli; and of 10 OOO-no 000 kW machines, as p*’ 

per kWh. At ,}-load (In- steum ednsuniplii.n j.ec kWh is frou 
^•'5-20 7„ K'-eate.r. Kxhaust steam turhines. ntiiisi„j^, steam at 
or near atmospheric pressure, usually consume Is-t ween :{() and 
40 lbs. per kWh. (liven the steam consumption j kWh of a 
turbine at two loads, say full ioa.i and J load, the eo||Muu,,.tioii at 
any other load or at nodoad ran }»• predicted accurately cimuirh 
for practical pm-poscs, hy applying the Wilburn' strni;;htdine law • 
the known consumpti.ms arc plotted a!,minst the values „f load ui 
which tliey (airi'esjKjnd, and a Htrjut'hl line is drawn tlnvamh the 
two fKiints thus obtained. The eonsiimption af any other load 
can ho read at oiu'e from the line drawn. This method is not am 
plicable to mi.'ced-pressure furhitieK, owdnj: th*- use of difrerent 

proportions ol ‘live' and ’ exhaust ' sf.-ain at dill'ereiit loa<l« 
Mixed-pressure turbines, whieh tionnally o|(eraf4- mi part 'live' 
and part ‘exhaust' steam, have almut the same consumption as 
ugh pros, sure or exhaust turbines res,H.cliveIy whet, oma-atiim on 
live or exliaiiHt nlunty ^ 

Turbo-alternators of 20 iHHf.iO tun, kW caparifv have !«. 

-bint.g recenf years, and units «p to 
IhO 000 kVA capacify have diseiissed seriously.* 

u,„ „f u», m i*«) kW, J r.ii.tn, Inrhino) in 

t .0 i« ,e,; j,„, / tm) r. a, m,, J,i 1 1 It', /Twh 

on ‘I, J, and f iolul mhm Hi ' 

oyhndcr turhinc of tt.e I,a«rl».r...,«k trsiLi r. (V s * Tw. L 

c«n„.Ht«ofa hiBh.pr„,r..,re u.rhn,.. r.» c,vm„ ueam si' W>)’ » « / ^ p 

which liiciicsl Kfiitti'ii” ' ' *i" ***’*'''*'* *' '0 ***** IfirhiiiP niitput »( 

! o y I''"’ •’*-•**1** »■ 

]Spi' ItmKH Irtt'k Utipiiknmnl, .Msrrji ts, Itia.!. p, ai. 

•m 
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turbines. Each of the three elements drives a 20 000 kW, 25-cycle alternator at 
1 500 r.p.m., and the total output available is 70 000 kW for 2 hrs., or 90 000 kW 
for J hr. The low-pressure turbines work with 29 in.-vacuum (30 in. -barometer) 
and the steam consumption on rated load is 11 lbs. / kWh, corresponding to 
about 25 thermal efficiency. For output below 25 000 kW it is more eoonorhical 
to use the high-pressure turbine with only one low-pressure turbine. 

The use of generating units exceeding, say, 10 000 kVA rating 
is limited to very large cities, where the load permits of practically 
continuous operation at high steam efficiency. The actual amount 
of labour required to operate such turbines is small, but it must 
be highly skilled, for obvious reasons. A serious consideration is 
the enormous loss of generator capacity on the system in the 
event of break-down in such a unit {see also § 145). 

174. Effect of Steam Conditions on Turbine Efficiency. 
— The maximum total temperature (including superheat) of steam 
for use in power plants is limited to 700*^-750° F. ; above this 
temperature the mechanical strength of steel is reduced danger- 
ously, and cast iron cannot safely be used for fittings or casings 
exposed to this temperature. The use of copper for steam pipes 
(as at bends) is dangerous at much lower temperatures. A total 
temperature of, say, 700° F. may be reached by using low pressure 
and high superheat, or high pressure and low superheat ; the 
advantages of higher pressure are increased available heat drop 
(§ 166), and the smaller size of pipes required for the denser 
steam. The steam consumption of a turbine decreases about 
OT per 1 lb. / sq. in. pressure increase above, say, 150 
lbs. / sq. in. Steam pressures of 300-350 lbs. / sq. in. are now 
used in many stations, and 400-500 lbs. / sq. in. will probably 
be used in the immediate future {see note on p. 273). 

The reduction in steam consumption of turbines due to 10° F. 
additional superheat is about 1 7^ up to 100° F. superheat, 
0-83 7o between 100° and 200° F., and 0*72 7o between 200 and 
300° F. superheat. The limiting steam temperature (700°-760° F. ) 
dictated by the strength of materials is already used extensively. 

Turbines are extremely sensitive to vacuum, as shown by 
Table 18 (based on data due to G. Gerald Stoney, Inst Mech. 
Engrs.y November 20, 1914). Practically the same savings as 
shown in col. 2 are obtainable with dry saturated steam as with 
superheated steam. With 28-28^-in, vacuum, the percentage 
saving in consumption would be increased (above the value given 
in Table 18) by about 1 % at i-load and about 2^ 7 ^ at :^-load, 
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Taw.e 18 .— Efeef. of Vacuum on 'I'urhinc Kftcicucij. 
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in gov(‘niio^ ; tnit, won 
all loads, nsiu|j; uo/.zl(^ |^)V(U’iiiu<j. It i.s not nnilimi tlio 

full savings iiKlicatcul above*, partienilarh- at vury liigh vaeiia.f 
owing to terniinal lossets i!i iho blading ; thoro are 

few cases in which it doeiH not pay to maintain tlo! bighost viicmuni 
of which th(i (Mjuipimmt useel is c.apablo. Kjchanst piiHHiigea should 
be proportioned and sliaped to give minimum Iomh of vacAmm, 
and there slionld be? minimum differonoo in vacuum between 
steam axid air-pump cnnn(*<d4onH to tin*. curmlimHer. A vacmiim of 
28 ins. (baromebu' 80 ins. ) may be? taken ms a Hatinfaeiory standard 
value tV)r high-presmire tAirbcHHets. and of 27 h ina for lixliiiiist tur- 
bines ojx^rating on steam at or near atnio.H|»iiiirie j'lressiire, IncTiimi- 
ingthe vacuum from 28 b> 2fl ins. |)raeti<mlly «loublim tie* vo!iiinii|)6r 
lb. of steam, and introduc*eH evaemntion and eondeiisiiig {iroblerns 
of a mechanical nature which mrjre or I(*sh emiiplotAily the 

advantage chtrivcAl fnan the greater availiiblff fieiii drop.* 

175, Steam Condensers and Auxiliaries, ■ mlmmi 
steam from (ingin(‘.H or turbines may Ijre eondenseil in viirioiw 
ways 


JVb^e.— These are pemeiitag^ gaini* per mrh «4 vai’iitiiii ; lliii acltial gaitt 

between 2 B and viwtiitirri in 4 7 ** %)» «fi, 

t Nearly the ftiU fclief>rotia.al gain in obtainabb* ffl.lii. und 274 n, 

vacAiurn, but only 5 C) 4 KI 7 o ‘4 the fchitorotifal botwiifiri tiw, and %l in«. 

^ A valualde |>a|>er In * Cbnie© of Hteani 11 * Mwbirrt Pew»rBlftiioni/ 

by L. 0 . Kemp, FMcirkmn^ June aO, !tt 22 . 
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(1) In a jet condenser^ it is mixed with jets of water. From 
20-30 Iba of water is required per lb. of steam condensed. If 
space be particularly valuable the water Jet and exhaust steam 
may mix in a small chamber at the top of a pipe down which 
flows the mixture of condensing water and condensed steam ; tliis 
form is called the barometric condenser^ because the height of the 
downtake pipe must exceed* the height of the water bax’ometer 
(about 34 ft.), to wliich lieight water from the hot well is driven 
by atmospheric pressure wlien a vacuum is maintained in the 
condensing chamber. 

(2) In an atmospheric or evaporative condenser, the exliaust 
steam passes through nests of tubes over which water trickles. 
Alternatively, tlie nest of tubes may be in the form of a hollow 
cylinder which is rotated about its axis, dipping meanwhile in a 
trough of water so that the (jutside of the tubes is covered by a 
film of water. Whereas the condensing water in jet and surface 
condensers is heated 50" F. or less, so that (iacli pound of con- 
densing water removes not more than 50 B.Th.U., the cooling 
water of an atmospheric condenser is evaporated and each pound 
removes about 1 000 B.Th.U. Tlie atmospheric condenser re- 
quires only about l-l-i- lb. of water per lb. of steam condensed 
and is thus particularly valuable where water is scarce ; the water 
used is, however, entirely lost. A natural or artilicial current of 
air is i-equired to carry away the water vapour, and in tlie saturated 
air (often 90 to 95 7o humidity) of sonuK tropical countries the 
type is almost useless, since very little evaporation is possible. 

(3) In a surface coYidenser cold water is circulated through 
tubes over which passes the exhaust steam. From 50-70 lbs. of 
condensing water is re<iuired per lb. of steam condensed. 

Atmospheric and surface condensers are more costly than jet 
condensers to build and maintain, but the condensate is not con- 
taminated by the circulating water, the condensate is at higher 
temperature than that from a jot condenser, and all the condensate 
is used as boiler feed, hence there is minimum loss of heat from 
the steam circuit. 

The large volume of circulating water reciuired by a surface 
condenser cannot economically be treated to correct any corrosive 
properties which it may possess. This water is generally drawn 
from a river or canal through mechanical strainers, preferably 
of the self-cleansing type. The flow through the adits may be 
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reversed periodically to reiiiovt^ <i<‘poHitH o! Hili. lln* eon 
tubes should be madc^ of an alloy whicdi in not fdl.iictked 
water used. Condensers in which thii ttiben are iifii 
twice the diameter ol* the tube plaies are nic^re; cohIIv tha 
densers of smaller diameter with l(m«4’«*r in lien, but the 
diameter design ri^sults in In^her vaeuinu. Maxiiiiiuii vac 
required at the turl)im*, eml of the i‘xhauHt phhhii^«‘h, not i 
at the centre of the (•on(h‘.n.H(tr. 

If the supply of circulating wate.i* is liinited^ t in* water 1 
a surface condenser may be c.ooled for use by alltiwin 

flow down brushwo(.)d, laths, etc., in a c*oolin|^ tower, tip 
air is blown by fans. Rou^^hly I (K>() miLlb per ll>, of 
consumed by the or ttirbine (or, nay, Iiaif flit* ci 

value of the coal burned below thf^ hoilern ) hm to In* carried 
by the air in the cooling tower. In <tlimab*H where humi' 
high, the saturation of th(*. air makes it liiHicult to cool th 
densing water to a tempi^rature making ju wsible ihi* miiiiiii 
of high vacuum. 

Air from the feed wabn* or leaking in to the Hleatn cin 
any point must 1 m^ removcsl from lint cimtlenHin* by nii air 
The steam-jet ejector pump is Hiiiipli* and eflVaUive fo 
purpose ; th(j steam cemsumed eijuals about I / , <d* the cf iiisuii 
of the engine or turbimv but pract iciilly ilte whoh* of lltc h 
the steam jet j.)aHHes to tln^ * ln)t well/ /.c. ilii» tiiiik in ivliicii 
condensate is collected for use an lioiler IVi**.!, ^o flint tin 
is utilised in the warm waUu*. 

In c.m’l(*r ttj allow for on-'anional air Iraku in » 

provision Bhould bo inacie for Un* lur piuii|iH lo dofil witli al b .'i<4 l*.1 lln. 

1 000 lbs. Rbumi in inodorato’Hir.od planis, and lor I lb- |»n‘ t li»n in 
It is well to arrango for I H«j. f?. of ronfb'*nH!iig b Ib'i, |»ij 

of steam to Imj condensed ; HU*di a i‘oiidi'ijHor will rno a fjiie* i 

(doaning atid witlnnit much Iohh f»f vicuiuin, nu ilmt if ^ i% wi-ll ii40-*ii 4 , 
modern air pumpH, emidcuHatum of 7-10 llm* |ii*r fl. |t»^r l«rtir u p 
evenwithhighvae.ua. As a stiuidarii for testing, n. *'f w^lh I m|, 

7 lbs. of steam and a wab‘r Vfdmdiy <4 l» ft. m ** ‘iboiild 

mit (S days after tube lirtiHhing) not less than Ifgl ll.Tli,!', ¥|* fl ^4 i 

per hr. per 1'^ F. differenen hi teinperalure lit. iiimI 

water tomporature. A dhferiuicenf I,’’ F. in the tfifiipersliifr ’4 r-ooliijn’ wafrr 
about 0*3 'Yfj different! in turbine Htimtn eoimiirfiptiofi (nt, 

174) ; hence it is a mistake U* cut down tin* lieigbl of a « mnmp^ rm 

the amount and efiieimy of emdiiig cdhelly d*!|ieiici (Af*** Hidv* y, J^tirmui i 
Vol. 5S, p. 114). 



Jirif.'ili FJt'r! I'U'dl Ka\ji nirrlntf O;. , LUf. 


Tiniuo Ai/rKRNAT()u ; UOO kW at H 000 u.r.M, 

There ure no fixeul guifh; lilades in (.fn; I ijiinj^stroni liurhiin*. ^I’wo of l)Ia(ling 
are earried in eoncentrie rin^s on Uh? faces of two discs whi(0i run in o|>])oHikj diree.- 
tions. Katth disc, is overhung rtn tln^ shaft of an alternator, and tlui {lis<‘.s can ho 
removed without disturhinfj; tin* ^/cm ‘rate is. 'Phe. two alternators an*, in ])arall{d and 
synchronisfi automatically whilst running' up U) s|)('ed. St(‘am enters at tin* cciutro 
and flows radially outwards to ati (*x}»aust c.hamher bolted din^ctly to th(! c.ondonsfir. 
Tfi(J turbine is of tlni reaction type and, a.s the relative. sp<?('{I of fJu! bbuhw is twic (5 the 
actual speed, V(Ty hi|j;}i efiiciency is obtaiiKnl. Tin; number of rows of i>lad(!S is one- 
fourth that of an ordinary inaction turbine. A b 0(K) kW, d 000 r.imn. H(!t using 
steam at 1G6 lbs. / sq. in,, GO-i' R, with 2H-y ins. va<nmn), c.onsumi^s lOdHJ lbs. steam 
/ kWh at full load. 


ITo fare p. 2G2. 


Min'k \\\h},n\ U'K 

S !•: M I - A 1 5T( )M A,Tl ( * 11 M T.S 1> I .l< . I Tl*! i St ‘.'I'. 

Tliis sot fto]nl)iiios a.ll tin* ('onl,r<4 )>y tli«* a inil 

board with (dootrio start! ai id aut.<»niali<‘ Nlnppinj,'. A siTiis liidd w‘nuliii54 'r* nwd 
wlicn tho dynamo is run from tlm coll-, as u moim* to start I ho ontyno ; tuid «- himi 
field winding is nsttd during normal sorvioo. Autonuitio itoppino is offrrtf'il by an 
ampcro-lionr mot(*rwith a bias on tho ‘ohargo’ sido, oonv-punding lotho 
hour efficiency of tlui battery, ^riio ongim* will run on potro], hon/oj, nleobol, or towtj 
gas, and can be us(‘d as an indopondonl unit. Standard si/o . niiigo fiom 1 t" bW 
and from 25 to 140 V. 



d‘ ra,, hi,!. 

(huTDH-Oii, Kn<;ini‘. I >nu.tT to a I)vma.mo. 

TIh! engine illustrak'd ojauates un llio t wfontniko o\e|o (one U'isridng slroke |ier 
cyliruhir ])(T revolution of the; emnkshaftj. Any kind of crude or ridincfl oil can lnt 
used, the engine can bi* sta)rte<l ({uickly and ea hiy, and no water irijeetkin is ro^unrcd. 
Outputs up to 1(X) Ib'H.P, are olitainable from single, and twiioeylinder engiricH, mid 
up to 800 B.ir.r. from imilti-cyliiider eiigine^s of thi^ 
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The circulating and condensate pumps, and the air pump (if 
not of the steam-jet type) may be driven electrically or by steam. 
The cost of duplicate equipment is generally justifiable on the 
ground of reliability. If the auxiliaries are supplied solely from 
the main bus bars they may be incapacitated by an electrical 
break-down. Frequently a relatively small ‘house turbine’ is 
used to drive a generator providing current for station lighting 
and the driving of auxiliaries. The principal considerations are : 

( 1 ) There should be minimum risk of the main generators being 
placed out of action by any failure in the auxiliary services. 

( 2 ) As much as possible of the heat in the exhaust steam from 
all sources should be returned to the hot well. The energy con- 
sumption of condenser auxiliaries is generally from 3-5 °j^ of the 
output of the prime mover. 

176. Utilising ‘Low-grade* Heat. — It is evident from the 
examples in § 166 that the exhaust from a steam engine or 
turbine contains a large part of the heat in the ‘live’ steam 
delivered to the prime mover. Roughly 60 7o of the heat value 
of coal burned in an ordinary steam plant with condensing 
engines or turbines is delivered to the condensing water. Any 
reduction in the heat thus rejected constitutes an important 
saving. ‘Low-grade’ heat — i,e. principally the latent heat of 
steam which has been expanded in the prime mover — may be 
utilised by either or both of two methods, viz. : ( 1 ) By ‘ bleeding * 
steam from an intermediate stage in the expansion and using it 
to raise the temperature of the condensate, thus returning the 
heat of the bled steam to the feed water. ( 2 ) By using exhaust 
steam (or condensate) for industrial heating or for heating build- 
ings, the back pressure on the engine or turbine being higher, the 
higher the temperature required in the heating service. The 
basic principle is the same in both cases ; some of the heat in the 
live steam is used to produce mechanical power and the remaining 
heat (above atmospheric temperature) is used as heat. Greater 
saving is effected by method ( 2 ), when all the exhaust is used for 
heating, than by method ( 1 ) which is limited by the fact that the 
feed water cannot reasonably be heated above, say, 300'’ F. It is 
not commonly realised that even a ‘ super-station ’ cannot compete 
in overall efficiency with the smallest steam plant which can 
utilise its low-grade heat, unless the former can also dispose profit- 
ably of its low-grade heat. In most cases a small power plant 
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can find use for its exhaust steam more easily than a large central 
station (| 188). 

In collieries and other industrial establishments there are 
many excellent reciprocating engines which cannot economically 
be scrapped, but which do not utilise the expansion of steam as 
fully as could be done in turbines. In such cases exhaust steam 
from the engine can be utilised in low-pressure turbines which 
yield additional power (say 50 7o ^^e engine output) without 
involving any additional consumption of fuel {see also Chapter 
32). 

177. Steam Accumulators. — Where exhaust steam is used 
to drive a low-pressure turbine or for heating or manufacturing 
processes, etc., some means may have to be provided for storing a 
temporary surplus of steam to tide over an ensuing temporary 
deficiency. This provision consists of a steam accumulator, which 
may be a tank of water (say an old Lancashire boiler suitably 
lagged) into which the exhaust steam is passed, the water then 
evaporating when the pressure on it is reduced by the demand for 
steam exceeding the inflow. Alternatively, the accumulator may 
consist of a counterbalanced, well-lagged ‘gasometer’ bell, in 
which the exhaust steam is stored, and from which it is taken as 
required The advantage of the latter arrangement is that it 
imposes a lower back pressure on (and hence involves less loss of 
power in) the reciprocating engines supplying the exhaust steam 
— say ^ lb. per sq. in. as against 2-J or S-J lbs. per sq. in. in the 
case of the water-storage system. The back pressure in a water- 
storage steam accumulator is sufficient to permit admission of 
live steam to a mixed-pressure turbine to be controlled by the 
pressure of the exhaust steam available at the moment. In the 
gasometer-type of accumulator, the variation in exhaust steam 
pressure is too small for this system of control to be effective, 
hence admission of live steam is then controlled, through oil-relays 
or otherwise, by the rise and fall of the storage bell. 

Steam" accumulators of the water-storage type can be used to 
store high-pressure steam if desired, and large reservoirs of this 
type are used in some installations to equalise the demand on the 
boilers. For example, relatively small boilers may operate con- 
tinuously at full-load to feed a storage tank from which steam 
can be drawn intermittently at a rate far exceeding the steaming 
capacity of the boilers. For given variation in pressure, more 
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steam can be stored per cu. ft of water at low than at high 
pressure.^ 

178. Fuels for Internal Combustion Engines. The only 
fuels at present used eonnnercially for internal combustion engines 
are gases or liquids which are converted, as far as possible, into 
gases prior to ignition. With reservations into which it is un- 
necessary here to enter, parafHn, petrol, alcohol, petroleum, town 
gas, and producer gas can all be used equally satisfactorily in 
relatively small engines up to, say, 100 B.H.R, the choice bcitig 
determined mainly by the relative cost and ease of obtaining the 
several fuels. For engines of higher pow(}r petrol and town gas 
are generally too expensive, and the choice usually lies between 
some form of producer gas, coke-oven or blast-furnace gas, and 
petroleum (crude or refined) or tar oil. 

The calorific value of patrol, paraffin^ and petrolmrn in about 19 000- 
20 000 B.Th.U. / lb. The Hp. gr. varieH with the compoHitiou (eacli of thoHe fueln 
being a mixture of ‘ fractioiiH’ distillirig at difiorent temporaturoH) ; typical valueB 
are: petrol, 0*68-0*72 ; paraffin, 0*75-0’S6; crude potrokmm, 0*85-0*95. 

Tar oil, a by-product of the coking of coal, han a calorific value about 
16 000 B.Th.U / lb. When this oil is used in onginos it may bo iiecossary to use 
an auxiliary injection of paraffin or other fight oil to ensure ignition ; the amount 
of light oil required is, at all bads, about 5 of the full-load consumption of tar 
oil. 

The calorific value of alcaJud is usually between 11 000 and 12 000 ItTh.U. / Ib. 
(according to the percentage of water contained) and the sp. gr. is about 0*82. 

Natural gaa containH up to 9S of incjthaue and has a (calorific, value of 
800-1/100 B.Th.U. / cu. ft. The supply of natural gas is restricted to certain 
localities (mostly near oil fields) and is variable in quality and dwindling in 
amount. gas or coal gas is made by the distillation of coal in closed retorts ; 

it may contain 40*45 ‘7u each of hydrogen and methane, atid has then a calorific 
value of 000-700 B.Th. U. / cu. ft.; lakdy the calorific value has btsen reduced to 
500 B.Th.U. or lower by the admixture of a considemble amount of water gas. 
Town gas is now sold, in Great Britain, on the basis of calorific valuer, tlio unit 
being the tJierm which equals 1(X) 000 B.Th.U. The term prodaesr gas in- 
cludes a number of mixtures oi carlKJU monoxide, hydrogen, methane, etc., with 
more or less carbon dioxide and nitrogen as diluents; these mixtures are the 
products of incomplete combustion of coal, coke, sawdust, pemt, etc., in the 
presence of more or loss steam. Simple producer gas or air gan^ made by blowing 
or drawing air through a bed of incandescent carbon, consists mainly of c-arbon 
monoxide and has a calorific value from 70-100 B.Th.U. / cu. ft. Water gan, 
made by blowing steam and air alternately through incandoHcont carbon, may 
contain 50 ®/o hydrogen and 85 7o <sarbon monoxide, the calorific value being 
about 800 B.Th.U. / cu. ft.; if * carburettod " by the addition of hydrocarbons, 

* About 0*8 lb. of steam is stored per cu. ft, of water when the prcjssure rises 
from 265 to 280 lbs, / gq. in. (gauge), compared with 1*8 lb. of steam ptu* cu. ft. of 
water when the pressure rises from 15 to 80 lbs. / sq. in. 

2G5 
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water gan may yield about (»5() IbTh.U. / eii. ft. Huetiori gan plaiit generally 

produces a mixture intermediate Ixitween air gan find waicsr giii I HI), Matul 
(/as is a producer gas made on a largo neali* and fnuit bituiiurioUH rrnil with pro- 
vision for utilising waste heat and recovering hy-productH lli’i) ; its calorific 
value is about 150 B.Th.U. / cu. ft. lilmi, furmirr tjan cuniiiiiis of 

(iarbon monoxide and lias a (talorilif* value td about IWI-lOO H. i li.h, ^ cis. ft. The 
calorific value of c;oke ovcm gas is about 4{K)-450 H. 1 li.l . / cu, ft. 


Intornal coinbastion on^ineH lum availablf* whielt can 
eamly be a(lapte(l to o{HtrattM>n whiclnn i^r Hcpiid or *01 to fuel 

is clieapest at tlu^ time ami placet cona^riK^^I. 

179. Horse-power of Internal Combustion Engines.- Tlie 
general fonnula for the hnrHe-{K)W4U* of any rerijirociitiiig engine 
is 

Horse"]; H)W(‘r - PLAN / 3»i OIM) 


where P - mean (?ire(*.tive pntsHure rm the piskm (luring the 
working strokti, in Ih. / h(|. in. ; L ‘ length of stroke, in ft. ; 
A = effective area (jf piston, in sq. in. ; *V iiumfMtr working 
strokes per min. The H. of a stcaia migine mn inermwed 
considerably above the rater! HA*, by didaying the thus 

admitting rnort*. steam in ihn cylinder and raising tiie mean 
effective presHure. In initunud (*c>mbuHiion engineH, Iiowever, it 
is impoHsilde grc^atly U> increasi! the weiglit of fuel burned, l/eyond 
tlui value corresponding to the. normal otiipiii for wldcli tlie 
engine is (hisigm^l. d'hougli the ovtudriiid eapiieity of internal 
combustion engiiHiS is small compan»d with iliat of nUmm engines, 
this does not limit tln^ utility of the ftirmer for driving electric 
generators, jirovided that the engine lai of stiitiihli* mm; un- 
fortunahily some inteniai (*ombuHtion eitgiiies miiiiot iniiintiiin 
an output ecjual to the rating which they lire given in milkers' 
cataloguers. 

An ompiri(ud bul uhiTuI iiKitlind of df?t«ri«i»Uii|| tlm of itiloriittl rwiiibiwtiou 
engine reejuired to drive idoi'iric g(^iiimior« wm liy W A. Tofikfjy in a 

paper read before the AH^oeiitlirm of H«|M?rviMhig Fdw'lrtfdsiiw, Miiy, Tiii 

(lata (!xtractecl th(*refrom in Tahle Ilf r(dal« to thi? iinriiwl which 

(*,an he inaintaiiiod (Rmtimiow»ly for H hm. 

For (•.oiitimiouH (‘24 dm) o|Rfriitioii ai ftill hmtl ilie pblfiii par 

H.P. or |»er kW Hhrnild be aliout IC) '7^, than llii! valntw giviiii in Tablt 19; 

on tlie other hand, for short imrimU tho powur (ii«¥*do|i«l inay Im fhlCI higb®? 
than tluj value (jah^nlated from thi« table, 

ig the noniial fiill-load of a t«iwii gM riigiiia with 

four (jylinderg, mmh H ing. dia. 7 itig. gfcrokii, rniiiittig at III) t Thi 

pigton di«pliw*omi.mt i» (ir(sp/ 4) 7 in* |»or »trok«. flii lliii foiiMlroki 

cychi tlioro are working gtroke« |«ir mla. In eitidi lyliiitlfir, Ilia tot&I 

2 bfi 
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Cold-Starting Oil Engine for Refined, Crude, Residual and Tar Oils. 


The engine starts from the cold state without preheating, runs witli moderate 
compression, and requires no air blast for the injection of fuel. It operates on the 
four-stroke cycle, and the oil pump injects a charge of oil into the combustion 
chamber in the form of fine spray. The fuel consumption at normal rated load 
ranges from 0*4 to 0*5 lb, / B.H.P.-hr., according to the quality of the fuel and the 
size of the engine. At half-load the total fuel consumption per hr. is less than 
CO °/o of the full-load figure. The engine illustrated is I'afed at 43 B.H.P. normal 
(47 B.H.P. maximum), 250 r.p.m., and is direct coupled to a D.O. generator. The 
weight of the engine, including specially heavy fly-wheel for lighting service, is 
about 113 cwt. Similar engines are built from 19 to 130 B.H.P. (normal) single- 
cyclinder, and from 33 to 260 B.H.P. double-cylinder. 


[To face p. 266. 



I 



1 Hi n. < »M. 




ii,„ .ir,.n.,n l.m-. . !V... :t ; "j!"’ t 

-n,, o-in-''--;;*';'’;'-*;;- ;: Jl;/';;;.; , i!. .4 JM.I -i!/ 

T’l!r „?fnrNri‘'\m4'^’>'K '‘t. r-*‘. »■ 

•' •■, , , liTh 1- ^ ii.. .4 (»■•! ">!■ 

“ " .'r'l ' -H "U h.l! .U!«l •«' . I I UV.Ii. 

^i,. Th- - -...i 

„ M) li.ll.l'. um-J- .'.vUn-i.-r !..T.x» li.H.r. 


I 

I 


; T> /'• 


I 


SOURCES OF ENERGY AND PRIME MOVERS S i8o 


Table 19. — Data for Calculating the Output of Internal 
Combustion Engines. 



J 

Producter 
Gas From 




TJ 

.rj O 
{3 CO . 

l-H ^ 


Ci5 

% 

S 

Anthracite. 

<]5 

o 

O 

o 

§ 

a 

P-i 

Petrol 

<u a M 

O 2 

& 

-♦J s 

eo^ S 

(a) Mean effective pressure indicated, 
lb. 1 sq. in. 

90 

75 

70 

75 

70 

85 

47 

(b) Ditto, available at crankshaft, 
lb. / sq. in. 

76 

61 

56 

61 

56 

71 

33 

(c) Mechanical efficiency of engine 


84*5 

81-3 

80*0 

81*3 

80*0 

83*5 

70*0 

{d) Piston displacement (impulse 

strokes only) — 

Cu. ft. / min. / B.H.P. . 

3*0 

3-75 

4*1 

3*75 

4*1 

3*22 

7*0 

Cu. ft. / min. / kW * . . 

4*5 

5-6 

^6*1 

5*6 

6*1 

4-84 

10*5 


piston displacement (impulse strokes) is 352 x 300 x 4 / 1 728 = 245 cu. ft. / min. 
Prom Table 19 the piston displacement required is 4*5 cu. ft. / min. / kW, hence the 
normal full-load output of the engine is : 245 / 4*5 = 54 kW approx. 

It must not be overlooked that at high altitudes a larger engine 
is required ; at 8 000 ft. the loss of power amounts to 20 or 25 7o 
in oil and gas engines, or roughly 3 % ^ Further- 

more, it is often found in hot climates that, even when allowance 
is made for altitude, oil engines will not continue to give their 
rated output, owing to the high temperatures experienced and the 
consequent decrease of mass of the volume of air in the cylinder ; 
the loss amounts to about 1 °/^ for every 6° F. above 60° F. 

The data in Table 20 indicate the range of outputs for which 
various types of internal combustion engines are available, and 
the fuel consumption and thermal efficiency of each under favour- 
able circumstances (see also §§ 180-183). 

i8o. Oil Engines. — Under this heading may be grouped all 
engines which utilise liquid fuel, viz. : Petrol engines, alcohol 
engines, paraffin engines, Diesel engines, and semi-Diesel or hot- 
bulb engines. All these engines have high thermal efficiencies 
(Table. 20, p. 268) and are thus at an advantage compared with 
steam plant for medium and small outputs (particularly below 


Assuming generator efficiency = 89 

267 


§ i8o ELECTRICAL ENGINEERING PRACTICE 


Table 20. — Horse-Power, Fuel Consumption, and Therrnal 
Efficiency of Internal Combustion Engines {see also Table 
15, § 167). 




1 


1 1 


Type of Engine. 

Usual Range 
of Rated 
Output 

B.H.P. 

ilorific Value o 
Fuel Used in 
.Th.U, per Lb. 

.2 

* 

2^ 

S ed 

o U 

B.Th. U. per 
B.H.P. -Hr. at 
Full Load.* 

Thennal Efficienc 
(B.H.P. Basis) a 
Full Load 



O w 


Oil Engines. 

/ Up to 50 1 
\(aero 400) j 





Petrol 

20 000 

0-55 lb. 

i 11 050 

23 


r Various mixtures of ^ 


Alcohol 

Ditto 

-! alcohol and petrol V i 

25-30 



1 10 

400-8 500 

J 


Paraffin 

Up to 120 

19 500 

0*62 lb. 

12 100 

21 

Diesel 

12i-l 000 § 

18 500 

0*4 lb. 

7 500 

34 

Semi-Diesel .... 

5-600 

18 500 

0-42 lb. 

7 700 

33 

Still (combined steam and oil) 

— 

18 000 

0*375 lb. 

6 750! 

37*7 

Oil turbine .... 

500-3 000 If 

18 500 

0*58 lb. 

9 800 

26 

Gas Engines. 






Town or producer gas . 

Up to 250** 

'I Vari- 

Accord- 



Blast furnace, coke oven, etc., 

gas .... . 

Up to e oooj 

>• able ; 

J see § 178 

ing to 
calorific 

10 400 

25 

Gas turbine .... 

7 500-14 000 1 

1 

value. 




*The figures in these columns apply to full-load operation of the largest 
engines in each class. As a rough guide it may be taken that the fuel consump- 
tion per B.H.P.-hr. is 10 % ox J times rated full load, 20 % 

at -l-load than at full load, and 50 % more) higher at Jrload than at full load. 
In the smallest engines of each type it may be assumed, for the purpose of rough 
estimates, that the fuel consumption per B.H.P.-hr. is at least 50 greater than 
in the largest engines of the same type, 

t Claimed to be practicable; see Times Trade Supp., Jan., 1922, p. 9; March, 
1922,’ p. 91. 

'X Up to 300 H.P. per cylinder is developed in single-acting, four-stroke engines 
and up to 1 500 or 2 000 H.P. per cylinder in double-acting, four-stroke or opposed- 
piston, two-stroke engines. 

§ Standard four-stroke Diesel engines are built up to 3 200 H.P. (8 cylinders), 
but engines exceeding 700 H.P. are rarely used on land. Two-stroke Diesel 
engines are built up to 4 000 H.P. (from 6 cylinders 29*13 ins. dia. x 40*15 ins. 
stroke), and as much as 2 000 H.P. has been obtained (experimentally) in a single 
cylinder engine of this type. Experiments have been made in Germany with a 
two-stroke Diesel engine developing 12 000-15 000 H.P. in six double-acting 
cylinders. 

IT These machines are still in the experimental stage, but it is claimed that 
they can be built for outputs up to 12 000 H.P. 

** 1 500 H.P. from pressure producers. 
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500 H.P.). Tlie elimiriiation of ntaam Ixjiler and iin appurOni* 
ancos is often an important eonHi<l(a*ation, but the ntt^am en^dne 
itself is simpler than any internal combustion (Uii^ine ami is m(»re 
easily kept in ^oo<l runnin^^ onler; this is eHp(‘(aally impitriant 
where skilled attiunlance is not easily available. Fetn»lo‘le(*tric 
sets* are convenient and (^comimieal for such jmrpost^s as country 
house li^htin^ : thf^y n^quire no skilled attention for long pcudcslH, 
but it would be unwise^ to install them whc?re skilled lalnair canmft 
be summoned when re.quir(*d. 

The only advantag*^ offen-d by alcohol compan^d with jietrol 
engines is a possilde savirig in fuel C(»sts. Parallin, [sitroleum 
(crude or refined ), and tar oil are. undoubtedly cheaper fucds than 
petrol, ami engines using the.s<* can be employee! |)roritably in units 
up tf^ say, 100 H.P. ha* parallin e.ngi mis ami 500 1 000 H.P. for 
engines using crude tal. Ke.r^ent <leV(‘lopmentH in crmle oil 
engines make it pn»bable that these will hencid’orward be ustel in 
the majority of iimtallations requiring anything IVcun a few horse* 
power up to 1 000 H.P, or so; forhiglmr jaiwers the steam turhine 
is generally tlie cheapest, priimi mover for land Hervic*e. Tliougli 
all oil engines show to iM'st advantage on sbouly load near full- 
load rating, the relative increase in fuel consumption at partial 
loads is no greater tlian in steam {ilants. In small installations 
where tlie load, if any, can be. supplied from batteries during part 
of the 24 liours, internal combustion engines eliminate the waste 
and trouble involved by ‘banking’ steam boilers. 

Oil engines of i!te Die.Hel ty{>e are now ustsl extensively in 
medium-size^d iKiwer stations. Apart from high initial cost, the 
chief disfulvantegc! of Diesel engines is that tliey re, quire highly 
skilled attention; their use is therefore inadvisahle in small 
stations. In tliis ty|S! of prime mover the licjuid fuel, wliich may 
be cmde oil, is sprayed gradually into the cylindf^r on the forwanl 
stroke and ignited liy the high, t^imisirature caused l>y tin? ex- 
tremely high coniprcmsion nf tfm air charge during the previous 
back stroke ; tliere is therefore no actual explosion as is the case 
in ordinary oil or |M:,ftrol engines, and no carburethir, vii|>oriser, or 
ignitor is rec|iiire«l A inoditied type known as the *Hemi«])ieHel/ 
Hiot-bulh/ or * surface ignition’ engine is now much used. This 

* Often fil lliii hi whinh n, Hiiifttl hattf*ry ilrivrti tiii< 

dynamo kirn|Kirftrlly iw a triotor and than nimrtn iieghiii if mor** iiiioi <ir Iwo 
lamps to swiftcfied on. 
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engine can work on crude oil, tar oil or any other fuel which can 
be used in Diesel engines, and its thermal efficiency is nearly as 
high as that of the latter. The distinctive feature of the semi- 
Diesel engine is that the compression pressure is lower than in the 
Diesel engine (say 350 lbs. / sq. in. compared with nearly 500 lbs. / 
sq. in.), hence the temperature reached by compression alone is 
not sufficient to ignite the fuel. A blow lamp or electric ignition 
device is used when starting the engine, and the combustion of 
the working fuel then keeps a special chamber or surface suffici- 
ently hot to ignite the compressed charge (for fuel consumption 
data see §§ ler, 179). 

i8i. Gas Engines. — Coal gas as distributed for lighting 
purposes is generally too costly for use in large power plants. 
Producer gas is made by passing air and more or less steam through 
incandescent fuel; where anthracite is available it is generally 
used, but coke, sawdust, and other refuse are also employed (§ 178). 
The oxygen of the air combines with the carbon of the fuel to 
form carbon monoxide, and the steam together with carbon also 
forms carbon monoxide and free hydrogen. In addition, certain 
amounts of marsh gas and carbon dioxide are formed. Some of 
the heat in the hot gases is used to raise steam, but the remainder 
is lost in the scrubbing tower ; the thermal efficiency of the pro- 
ducer is from 70-85 (Table 15, § 167). The gases as formed 
contain various impurities, which would foul the cylinder and 
valves, so they are cooled and purified in a scrubber, consisting of 
layers of coke with a water spray, and are then dried by passing 
through sawdust. The gas scrubber requires from lf-2| gals, 
of water per B.H.P.-hr., and the gas generator about 0*6-1 pint 
per B.H.P.-hr. In the generator it is necessary that there 
should be a large mass of incandescent fuel for the saturated air 
to pass through ; if the demand falls below about half normal the 
fire dies away. 

Producer-gas plants have hardly realised the hopes held out for 
them ; they show to best advantage in steady working and in sizes 
up to 250 or 400 H.P. The larger sizes generally show heavy re- 
pair and attendance costs, though much depends on the skill with 
which they are operated. 

The high thermal efficiency of large gas engines makes them 
tempting where coke-oven or blast furnace gas is available, but it 
is found that a load factor of 35 % or over is required before they 
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1 500 B.H.P. Vertical Tandem Gas Engine Driving an Alternator. 

There are two cylinders in tandem over each crank and these fire alternately, so 
that there is a working stroke in one cylinder on every downward stroke. The space 
between the top piston and the intermediate cover is used as a buffer cylinder, so that 
the moving parts are cushioned on both the up and the down stroke. Forced lubri- 
cation is used, and no moving parts are water cooled. The engine is started by com- 
pressed air and can be run on all kinds of gases. Tlie uniform turning moment and 
close governing obtained are important considerations where the driving of electric 
igenerators is concerned. 


National 0(fs Engine Co., Ltd. 


[To face p. 270. 



(*alhni'in/H, Lfjf. 


Tandem, Double-Acting, Horizontal Gas Engine Driving an Alternator. 

The engine opemtes on the four-stroke cycle and has cylinderH of 0.50 nnn. dia- 
meter and 1 100 mm. stroke. Its output is 1 170 B.H.P. at 105 revs, per min. 
Engines of this type am designed to run on blast-furnace gas, colce-oveii gas, a 
mixture of these gases, or on producer gas. Usual sizes range from GOO to 8 (XX) 
B.H.P. for single-crank engines (double these powers for two-cmnk engiiu^s). Tlie 
engines are equally suitable for driving D.C. or A.O. generators, and it is clainutd that 
the heat consumption does not exceed 10 000 B.Th.U. per B.H.P.-hr. at full load. 


[To face i). 271. 
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can compete with steam turbine plant in central station practice, 
after allowing for capital and working costs. (For fuel consump- 
tion data see §§ 167, 179.) 

182. Humphrey Pump and T urbine Plants. — The Humphrey 
pump may sometimes be used as the ultimate prime mover for 
generating electricity ; for it. bids fair to be the most economical 
water lift, and the overall efficiency of a turbine and generator 
under a perfectly constant head is also high. It is sufficient here 
to say that the pump uses the principle of resonance to keep a 
large amount of water pulsating backwards and forwards in a large 
pipe, by means of automatically-timed explosions, a certain pro- 
portion of the water being “discharged at a higher level at each 
swing of the pendulum. From the high-level reservoir the water 
would return to the low level through a reaction turbine driving a 
generator. The loss of water would be confined to that caused by 
leakage and evaporation. The pump would be working under the 
ideal conditions of constant suction and delivery, and already fuel 
consumption as low as 0*93 lb. of anthracite per pump H.P.-hr. 
has been obtained under ordinary working conditions. A con- 
sumption not exceeding 1*6 lb. of coal per pump H.P.-hr. has been 
guaranteed, and 1*2 lb. is considered probable. 

As a practical example, assume the consumption of coal to be 1-6 lb. per pump 
H.P.-hr. ; further assume the cost to be 13s. 4d. per ton or 0*71d. per lb., which is 
equal to l*14d. per pump H.P. hr. Assume the head to be 30 ft. then 1 pump 
H.P. hr. will be equivalent to 18^ lbs. of water per sec. or 0*29 cusec (§ 201) raised. 
With an overall efficiency of turbine and generator of 73 %, the electrical output 
on allowing the same quantity to fall through the same head in 1 hr. will be 0-73 
E.H.P.-hr. or 0*54 kWh. The consumption is therefore 2-9 lbs. per unit, costing 
0*21d. These are figures which many central stations would envy.* 

The proposition would depend entirely on the existence of a 
natural storage site for water, as otherwise the capital cost of a 
large enough reservoir would be prohibitive. In this respect the 
problem somewhat resembles that which the advocates of tidal 
power (§ 230) put forward. A plant capable of giving an output of 
only 30 kW continuously would require 1 500 000 cu. ft. of storage 
(say 400 ft. x 400 ft. x 10 ft.) to give an hour’s reserve supply 
on a 30-ft. head Probably much less than an hour’s supply 
would serve if the power were only to be used for distant irriga- 
tion pumping, which seems a promising field of development in 
the tropics. 

183. Gas and Oil Turbines. — There is no reason to suppose 
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that internal combustion turbines will have the saii i« 
in point of higher thermal efficiency compared with 
gas and oil engines, that the steam turbine has comj i;i. 
ciprocating steam engines. Indeed the thermal cfri#* 
and oil turbines will probably remain slightly lower 
large gas and oil engines, because the combustion is n* * 
the working space in the case of the turbines. Th*^ 
offered by the turbine are the elimination of reci|>r« 
and the possibility of developing higher power than va 
be produced in reciprocating engines (Table 20, § I 1 
time of writing gas and oil turbines are still in thcj • * 
stage. The general principle employed, in the 
give most promise of success, is the combustion of 
air mixture in a series of chambers which are arran;„j# 
the products of combustion through nozzles to a til t' 
The chief practical difficulty lies in the efficient utili^^* 
energy developed by the fuel without overheating tli#** 
chambers and turbine blades; in this connection th*- 
weakness of steel at high temperatures is an even in 
factor than that of corrosion or burning. The hot 
the turbine may be used to raise steam for a turli* 4 
which supplies air to the combustion chambers of the i # 
184. Bibliography (see explanatory note, § 68). 

B.E.S.A. Kbpobts. 

No. 42. Beport on Reciprocating Steam Engines for Eli**- 1 
No. 43. Specification for Charcoal Iron Lap-welded Boilr r 
No. 53. Specification for Cold Drawn Weldless Steel l 
Locomotive Boilers. 

No. 120. Specification for Horizontal Gas Engines. 

No. 125. Specification for Vertical Diesel Engines. 

No. 132. Specification for Steam Turbines for Electrical i *J 
No. 135. Specification for Benzol for Motor Enel. 

No. 142. Specification for Vertical Semi-Diesel- Engines I "S ' 
Books. 

Natural Sources of Energy, by A. H. Gibson (University ^ 
Liquid Euel and its Apparatus, by W. H. Booth (Constah?^ I 
Low Grade and Waste Fuels for Power Generation, by 4. I 
(Constable). 

Fuel and Lubricating Oils for Diesel Engines, by W. Scbai» ^ : 
Steam Power Plant Engineering, by G. F. Gebhardt (Wik* 
Steam Boilers and Boiler Accessories, by W. inebley (Affii^ ' Si 
Boiler Inspection and Maintenance, by B. Clayton (Pitroi^ s * 
Heat Engines, by D. A. Low (Longmans). 

Steam Turbine Theory and Practice, by W. J. KeartQPl 
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Steam Engine Valves and Valve Gears, by E. L. Ahrons (Pitman). 

The Gas, Petrol, and Oil Engine, by Dugald Clark and G. A. Burls 
(Longmans)* 

High-power Gas Engines, by H. Dubbel (Constable). 

The Diesel Engine, by A. Orton (Pitman). 

Diesel Engines for Land and Marine Work, by A. P. Chalkley (Constable). 

Lubricating and Allied Oils, by E. A. Evans (Chapman & Hall). 

I.E.E. Papees. 

Economical Production of Power from Coke Oven Gas, G. Dearie. VoL 
54, p. 646. 

Gas Firing Boilers, T. M. Hunter. Vol. 56, p. 57. 

High Pressure and High Temperature Steam in Large Power Stations, 
J. H. Shaw. Vol, 57, p. 73. 

Effect of Air and Water on Materials used in Engineering Work, H. E. 
Yerbury. Vol. 57, Supp., p. 118. 

Calculations Relating to High Pressure and High Temperature Steam with 
Interheating for Power Generation, W. M. Selvey. Vol. 58, p. 28. 

Notes on Operating a By-product Producer Gas Plant. W. H. Patchell. 
Vol. 58, p. 417. 

Developments in Large Steam Turbines, K. Baumann, Vol. 59, p . 565. 

And many others too numerous to specify. 

Miscellaneous. 

Other sources of information include the Reports of the Fuel Research 
Board (Dept, of Scientific and Industrial Research) ; the Proceedings of 
the Institutions of Civil and Mechanical Fjagineers ; and the technical 
press {see also Bibliography, §§ 199, 258). 


Addendum to § 174 (p. 259). — Whilst these pages were in the press, information 
was published concerning a 1 000 kW experimental boiler, built by the Benson 
Engineering Co. and the English Electric Co. at Rugby, to work at 3 200 lbs. 
/ sq. in. and 706® F,, i.e. at the ‘critical point’ of steam. At this temperature, 
under this pressure, water occupies about three times its volume at 60® F. and is 
suddenly converted into steam without further increase in volume and without the 
absorption of any latent heat of vaporisation. The boiler consists of small-bore 
steel pipes with no drums. Distilled water is used as feed, and the steam is super- 
heated to 785® F. After being throttled to 1 500 lbs. / sq. in., or possibly a higher 
pressure, the steam will be used in a special turbine exhausting at 200 lbs. / sq. in. 
It will then be reheated to 665® F. and the expansion completed in an ordinary 
turbine. The essential feature of the boiler is the generation of steam for use at 
1 500 lbs. or over without the difficulties of spasmodic evolution. (D. Brownlie, 
El, Times, Vol. 63, p. 644.) 
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CHAPTER 7. 


POWER PLANT DEVELOPMENT AND DATA 

185. Private Generation versus Purchase of Energy. — 

The relative advantages of private generation and purchase of 
energy, or, in other words, power generation in isolated plants 
and in central stations, are governed by many considerations. A 
central station effects savings in point of (i) the reduced capital 
costs per kW of large, compared with small, generating units ; 
(ii) the reduced fuel costs and the lower attendance and mainten- 
ance costs per kWh made possible by the larger prime movers and 
higher load factor (§ 261); (iii) and the lower percentage of 
reserve plant required in a central power plant compared with 
small installations aggregating the same total capacity. These 
savings must, however, be compared with the capital and working 
expenses introduced by transmission and distribution equipment 
and the losses therein.* The purchase of electrical energy from 
a central station leaves an industrial consumer free to utilise all 
his available space and capital for the purpose of his own business, 
relieves him of the responsibility of operating generating plant, 
and generally secures greater reliability of supply. Other factors 
being equal, wholesale production of electrical energy in high- 
power stations operated by specialists in power production 
enables energy to be sold (at a profit) to the consumer more 
cheaply than he can produce it himself. The problem is, how- 
ever, one which must be considered fully for each case on its 
merits. Though the capital cost per kW is higher for small than 
for large prime movers and generators (§ 195), the total cost per 
kW for the complete plant with buildings and site may be as low 
in an isolated plant as in a central station. By the judicious use 
of part-time labour, and particularly by the use of low-grade heat 

* This aspecfc of the problem is discussed in * The Economic Limits of Dis- 
tribution from Ooal-Fired Stations,’ by W”. B. Woodhouse, Inst. O.E. Engineering 
Conference, 1921. 
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(§§ 188) for man-ufacturing purposes, the labour and fuel 

costs may be made to compare favourably with those of central 
stations. Again, the amount of power required by an industrial 
consumer may equal the total demand of a medium-sized coin- 
munitj, in which case private generation amounts to installing a 
private central station in the immediate neighbourhood of the 
load ; it is extremely diiScult for purchased energy to compete 
with private generation in such cases, particularly if the latter 
has the advantage of cheap fuel (as at collieries, iron and steel 
works, etc., see Chapter 32) or very high load factor, as in railway 
workshops and the like. 

The development of semi-Diesel engines (§ 180) makes it 
possible for any consumer, with a demand of, say, 150 kW or 
over and a reasonably good load factor, to compete closely with 
central station supply under average conditions and, whilst the 
general arguments in favour of centralisation are sound, there are 
so many factors involved that every industrial consumer should 
prepare estimates for himself.* The improvement of central 
station operation by the recovery of by-products from coal {i.e. the 
joint operation of gas works and electricity stations) and the 
utilisation of low-grade heat would make it impossible for any 
but exceptional private plants to compete with central stations. 
As matters stand, however, any private plant which embodies 
these principles can offset most, if not all, of the advantages of 
central stations in other respects (§§ 188, 191). 

Many of the advantages of centralisation, and some other ad- 
vantages as well, are derived from the electrical interconnection 
of existing generating stations (§ 186), and some of the latter 
may be stations originally erected as private installations for the 
supply of a particular works, colliery, etc. 

i86. Interconnection of Generating- Stations. — Intercon- 
nection between two or more generating stations or transmission 
systems reduces the amount of reserve plant required in the 
system as a whole and improves the load factor and efficiency of 
operation. It is highly improbable that the load curves of the 


* It is not easy to estimate accarately the cost of private generation o^wing to 
the difficulty of attaching a definite value to the factors of responsibility, re- 
liability, etc. A good model for the preparation of estimates, taking into account 
all tangible factors, is to be found in. ‘ Economy in Power Generation,’ by E. G. 
Williams, El. Ind. and Inv,, Aug. 23, 1922. 
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two stations or systems will be identical, and even a few minutes' 
difference between the times of incidence of peak loads in the 
interconnected systems means that a considerable percentage of 
the generating plant in each system is available to help in supply- 
ing the peak load of the other. The difference between the 
thermal efficiencies of generating sets in large interconnected 
stations and those of the larger sets which could be used in a 
single central station suppling the same district is not great, and 
it is offset by the fact that the interconnected stations are at load 
centres and only a balance of power has to be transmitted through 
the Hie lines ’ (§ 320) instead of the whole demand having to be 
transmitted from a central station. The effective capacity of two 
or more generating stations is often increased 25 7o by intercon- 
nection, owing to the improvement of the diversity factor. 

Interconnection between generating stations is now utilised 
on a most extensive scale, and generally the cost of inter-connection 
is very small compared with the value of the benefits derived. 
In America, interconnected transmission lines, fed from many 
generating stations, extend for hundreds of miles. Voltage 
differences form no obstacle to the interconnection of A.C. 
systems because the connection can be made through static trans- 
formers (Chapter 17); frequency difference is a more serious 
factor owing to the fact that it involves the use of frequency 
changers {ibid.) which are rotating machines; they suffer from 
^ swinging ' or ‘ hunting ' difficulties because a certain mechanical 
displacement of the rotor corresponds to a higher electrical dis- 
placement on the high frequency than on the low frequency side 
of the machine. The Thury constant current system has ad- 
vantages where the interconnection of different stations is con- 
cerned (§ 317). 

The greater the difference between the load curves of two 
stations, the greater the benefits to be derived from interconnec- 
tion ; this will be understood from. Chapter 11. Interconnection 
is equally valuable where the time curves of available power differ, 
as in hydro-electric and wind power installations ; indeed, many 
small water-power schemes, which would be commercially wortli- 
less if developed independently, can profitably be tied together 
and to an existing network (§ 187). Similarly, interconnection 
between two or more stations at different levels on one stream 
enables the electrical load to be distributed so that additional 
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water flow through the up-stream station can be used effectively, 
and without storage, at the down-stream station. 

As explained in § 185, many private industrial power plants 
are able to operate at higher overall efficiency than central 
stations. By connecting them electrically the average thermal 
efficiency is improved, the hitherto independent consumer gains 
the advantage of increased security of supply, and the central 
station has additional generator capacity during some hours of 
the day and night. To take only one example, the industrial 
plant could supply some or all of the power required to carry its 
employees to and from work, this traction demand naturally 
preceding and following the internal demand of the works itself. 

187. Automatic Generating Stations. — In the automatic 
petrol-electric generating set (§ 180), the engine starts automati- 
cally directly the demand exceeds the capabilities of the small stor- 
age battery employed at other times. The same or the converse 
principle is applied to the utilisation of small water-power de- 
velopments, particularly on low falls with irregular flow. A 
suitable turbine is coupled to an induction generator (§ 144), and 
the latter is switched automatically in parallel with an existing 
transmission system whenever the load on the system demands 
additional generator capacity or whenever there is sufficient water- 
power available to justify operation of the set, as the case may be. 
Wind-power ( § 165) may be utilised in the same way. Attendance 
costs are practically eliminated by the automatic gear * and, in 
the case of low falls, the dams erected for automatic generating 
stations may be useful in flood prevention and irrigation. 

188. Utilisation of Waste Heat. — Notwithstanding such 

advances as the use of regenerative furnaces in the iron and steel 
industries and of continuous kilns in ceramic manufactures, it is 
probable that 80 or 90 7o value of all coal burnt 

is wasted. For the reasons explained in § 166, the heat engine 
cycle is inherently and inevitably wasteful. The fact that 
the absolute zero of temperature is far below atmospheric tem- 
perature places a low and definite limit upon the maximum 
efficiency of even a ‘perfect engine.’ Hitherto, effort has been 
concentrated mainly upon raising the efficiency of actual engines^ 
as near as possible to the theoretical value, and in this workj^,, 

* For discussions as to the possibilities of automatic generating station^^iil,'* 
descriptions of successful installations see Gen. El. Rev,^Yo\, 22, pp, 84=6, 00,, 1163, 
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great measure of success has been attained (§ 167). An increasing 
amount of attention is now being given, however, to the utilisa- 
tion of ^low grade’ heat in the exhaust steam or gases from 
engines, and in this field there are possibilities of far greater 
savings than could, by any means, be effected in the prime movers 
themselves. 

For example, suppose that 1 000 000 kWh are generated in a certain time by 
ten 100 kW steam engine driven sets operating at 8 % thermal efficiency. The 
heat consumption of these sets would be 3 412 x 10® /0*08 = 4 26 x 10^® B.Th.U. 
If the same quantity of energy were developed by a 20 000 kW turbo-set operating 
at 28 7o thermal efficiency the heat consumption would be 3 412 x 10® /0*28 = 
1*22 X 10^® B.Th.U., the generator losses being neglected in both cases. Thus, by 
going from about the lowest to about the highest thermal efficiency in the steam 
prime mover there is effected a saving of (4*26 — 1*22) 10*® = 3*04 x 10^® B.Th.U. 
If now the 100 kW steam engine sets be arranged so that the heat in the exhaust 
steam is utilised in hot water supply and for heating rooms, etc., the overall 
thermal efficiency of these sets may be raised to 60% by the utilisation of 
(60 - 8)7o of 4*26 X 10^® B.Th.U. (= 2*21 x 10^® B.Th.U.) in the form of low- 
temperature heat. This saving amounts to 2-21 /3*04== 72*5°/© saving 

which could be effected by the use of the 20 000 kW set. A corresponding saving 
could, of course, be effected in the 20 000 kW set by similar utilisation of low- 
temperature heat. 

As thus considered, the example shows how small engines with utilisation of 
low-temperature heat may approach or surpass the efficiency of modern super- 
stations (without low-temperature heat recovery). The super-station still shows 
a considerable saving in heat consumption for given electrical output, hut the small 
sets are also carrying a large heating load and giving high overall efficiency under 
conditions to which a large turbo-set might be inapplicable, e.g. it by no means 
follows that ten 100 kW installations could he served from a 20 000 kW set. 

The distinction between the two cases is shown clearly by considering the 
output from equal coal consumption instead of the heat consumption for equal 
electrical output. From 100 tons of coal the small engines would yield the 
equivalent of 8 tons as electrical energy and of 52 tons as low-temperature heat, 
whereas the turbo-set would yield the equivalent of 28 tons as electrical energy 
(neglecting generator losses as before). The net waste would be 40 tons of coal in 
the first case and 72 tons in the second, but the turbo-set would yield 28 / 8 = 
3J times as much electrical energy as the engine sets, and the advantage of the 
latter, under the conditions considered, would depend upon there being use for 
the equivalent of 52 tons of coal in the form of low-grade heat. It must again be 
emphasised that the relative inferiority of the turbine in the case considered is 
due to its being operated without utilisation of low-grade heat. 

The general possibilities and difficulties o£ utilising waste 
heat will be seen from the preceding example. In every heat 
engine installation there is more than 50 % (generally more than 
'^5 7o) of the total heat consumption which can he utilised if there 
is a, sufficient d,emand for low-temperature heat. Given this 
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demand it is generally a very profitable proposition to meet it by 
using rejected engine heat. In America, many central stations 
distribute hot water or low-pressure steam for ‘ district heating,’ 
but in this country the milder climate, the more scattered com- 
munities, and the national preference for a glowing fire militate 
against the commercial prospects of such a scheme. Nevertheless, 
the cost of pipe lines is not prohibitive, the losses in distribution 
are low (in some American installations the consumers receive 
8S of the steam leaving the station), and the possible saving in 
fuel is so great that experimental installations in densely popu- 
lated areas are certain to he made and are likely to be successful 
The supply of exhaust steam to adjoining establishments for 
industrial purposes is already practised in this country.* If high- 
pressure steam is required for such purposes it can be obtained 
by raising the hack pressure of the engine or turbine (§ 1V6) ; in 
other words, the prime mover is used as an energy -yielding 
pressure-reducing device, and the electrical energy is a by- 
product reduced in amount, compared with the output obtainable 
by full expansion, but obtained in conjunction with high overall 
thermal efficiency. Waste heat boilers are now commonly fitted 
to the exhaust of large gas engines (§ 181). The most difficult 
class of waste heat to utilise is the low-temperature heat in the 
circulating water of turbine condensers ; so long as the present 
practice is followed of developing as much power as possible in 
the turbine, by continuing the expansion to the highest attainable 
vacuum, the rejected heat is bound to be at very low temperature 
(about 95° F., 35° C.), and the most promising application I yet 
suggested for this heat is in warming greenhouses and in heating 
the soil of market gardens fox forced crops. 

189. Choice of Type and Power of Prime Movers. — This 
problem is one of many parts all of which are correlated to such 
an extent that a final solution in any particular case can only be ob- 
tained by comparing several alternative equipments. Having deter- 
mined the probable maximum demand (M.D.) in kilowatts (Chapter 

* Iaforaia.tio]a concerEing British and American installations for the utilisa- 
tion of exhaust heat is to be found in papers and a joint discussion, Jo 2 ir. 

Yol. 60, pp. 265-86. 

+ Small turbo-generators up to 100 kW output are thus used instead of 
throttle valves in sugar refineries. 

^The possibilities of this scheme are discussed by H. M. Sayers, liev,, 
Vol 90, p. 115. 
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11), the question of probable extensions must be considered. If 
the installation is a large one extensions may be met by installing 
additional generator sets, but in the case of a small plant the full 
capacity should be laid down at the start, the probable kilowatts 
M.D. of the extensions being added to that already determined. 
If a secondary battery, capable of keeping the installation at work 
for a whole day, is included in the scheme, a single generating 
set may be sufficient in small installations ; but it is very seldom 
advisable to attempt running without spare plant. In out-of-the- 
way places, a serious break-down may mean a delay of weeks in 
effecting repairs or obtaining spare parts. Two identical gener- 
ating sets, each capable of running the whole of a small installa- 
tion, are generally advisable. If the plant is of moderate size, 
three identical sets are recommended : one to work at times of 
light load beyond the capacity of the battery, two to work 
together at times of heavy load, and the third as spare ; in yet 
larger plants, at least two reserve sets are required so that there 
may always be one set ready for immediate service whilst the 
other is undergoing overhaul or repair. If a battery is not in- 
stalled, and the plant is large enough to warrant it, a small petrol 
or oil-driven generator is useful for the light-load hours, as it will 
work at higher efficiency than a larger set only lightly loaded. 
Generally speaking, for very small installations, an oil engine set 
and battery is the best equipment, or alternatively a suction-gas 
plant with gas engine and battery. For larger installations 
the relative prices of oil and coal must determine whether a 
Diesel oil engine or a steam engine is the best prime mover. 
With the exception of large industrial establishments, isolated 
installations are seldom large enough to warrant the use of 
steam turbines, and the use of water power is necessarily re- 
stricted by natural conditions, apart from the high cost of its 
development. 

Allowance must be made for the relative cost of the fuel em- 
ployed when comparing prime movers of different thermal 
efldciencies (Table 15, § 167), for example, an engine using 25 7^ 
of the heat value of oil at £4 per ton will cost as much, for fuel, 
as a steam engine utilising 12j 7^ of the heat from coal at £2 per 
ton. In addition, the capital and maintenance charges per kWh 
must be considered ; saving in capital cost is important where the 
load factor is low, and in running costs where the load factor is 
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(§§ ^63, 264).'^ As a general guide it may be taken that 
suction gas or oil engines are cheapest for outputs up to 100 kW ; 
for higher outputs up to 400 kW or so, the ‘locoraohile ’ steam 
boiler and engine can hardly he beaten for convenience and 
economy, though it has keen competitors in the Diesel and semi- 
Diesel engines. Similarly, for outputs from 500 to 1 500 kW 
the uniflow and Lentz engines are rivalled closely by Diesel and 
semi-Diesel engines ; with cheap oil the Diesel and semi-Diesel 
engines would be at a considerable advantage. 

Comparing steam engines and steam turbines, up to about 
1 OOO kW there is no advantage in using steam turbines, either 
in prime cost or efficiency. Table 21 gives the approximate steam 
consumption (lbs. per kWh) and cost F.O.B. in British port of 
modern combined sets (prime mover and generator) of both types 
in three sizes, including condensers and exciters, assuming super- 
heated steam at 175 lbs. pressure and working with a vacuum of 
27 ins. (see aUo Table 27, § 195). 


Table 21 . — Cost of Combined Sets (Stecom), 


Size. 

400 kW. 

500 kW. 

1 OOO kW. 


Turbine. 

Engine. 

Turbine. 

Engine. 

! 

Turbine. 

Engin e. 

Total cost (pre-vrar) f 

m 120 

£2 640 

£3 300 

£3 200 

£4 800 

£6 000 

Cost per kW (pre-war)t 

^7'80 

46'60 

£6-60 

£6-40 

£4-80 

£6-00 

Steam consumption 
(lbs. per kWh) — 
Pull load 

19'1 

1 

1 

17-2 

16*3 

16-6 

16-3 

16-0 

|-load 

20-7 

17*6 

17-6 1 

17-0 

16-1 

16-3 

^-load 

22-9 

19*0 

19-1 1 

18-6 

17-9 

17-7 


For outputs exceeding 1 000 to 1 500 kW the steam turbine is 
generally the most economical prime mover, hut large gas engines 
can be used to advantage where coke-oven or other cheap gas 
is available, especially if the annual load factor (§ 261) be high, 
say, 50 or over. 

Uhe econonxic advantage of coking coal amenable to this process, and recover- 
ing tbe by-prodacts of the distillation, has already been pointed oat (§ 169). Sur- 
plus gas from coke ovens may be utilised in gas engines, or it may be burnt under 

*An article on ‘The Choice of Prime Movers,’ by K. Baumann, Brit. 
Westinghouse Gaz., 1914, 1915, dealt with the problem in detail, and gave many 
charts and tables which could easily be brought up to date. 

f Pre-war and post-war costs are compared in Table 27. 

OAl 
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steam boilers (preferably of the Bonecourt type, § 170). The former course may 
appear more direct and efficient, but steam turbines can be built in much larger 
units than gas engines (§ 179) ; also, they occupy much less space and can be 
used with alternators of higher speed and therefore more economical construction. 
It is often overlooked that large modern steam boiler and turbine plant yields an 
overall thermal efficiency comparing favourably with that of gas engines on full 
load (Table 15, § 167), whilst on low-load factors advantage certainly rests with 
the steam plant. In the Powell DuSryn collieries (Sparks, Jour. I.E.E., Vol. 53, 
pp. 389 et seq.), certain 1 500 kW coke-oven gas engine and alternator sets averaged 
12*8 B.Th.XJ. per Wh on full load (corresponding to 26J °/o thermal efficiency), as 
compared with 20*3 B.Th.XJ. per Wh (16*8 °/^ thermal efficiency) in the case of a 
modern 5 000 kW turbo-alternator ; in this particular case it was possible to so 
distribute the total load that the gas plant operated under 72 7o annual load 
factor. 

The fine reciprocating engines of 3 000-5 -000 k W capacity set 
to work in the early years of this century were speedily rendered 
obsolete by the lower steam consumption of the steam turbine, and 
the latter in at present unchallenged as the prime mover in the 
largest fuel-burning stations, where units exceeding 5 000 kW are 
required. In such stations it is generally found that 15 000- 
20 000 kW is the most economical size of unit. In very large 
stations, larger units may be justified, the best size being then 
30 000-35 000 kW, but the cost of keeping reserve units to elimin- 
ate the risk of wholesale interruption of supply (in the event of 
break-down in such large sets) then becomes a serious considera** 
tion. 

The total generator capacity in any power house is usually 
between 50 and 70 (or, say, two-thirds) of the total kW 
capacity of cuiTent-consuming devices connected to the station. 
Not less than 25 7o spare plant (reckoned on that required to 
supply the maximum demand) is the minimum for security of 
supply, and a 50 margin is desirable if the demand is gi’owing 
rapidly ; as already stated there should be at least two largo sets 
in reserve to allow for one set being dismantled. 

190. Selection of Units for Service. — In any existing power 
liouse there is opportunity for effecting a saving by judicious 
selection of the plant put in service to supply any particular load. 
The total capacity of the working sets must exceed the actual 
load by a reasonable margin (depending on the probable load 
within the next hr. or 1 hr., which can be predicted with 
sufficient accuracy from the known form of the daily load curve). 
Tlioro are generally available several combinations of sets which 




Beiliss cO J/orco?}!, Lid. 


tKClPROCATING StEAM EnGINE^ IN CONJUNCTION WITH MlXED PrESSUEE TURBINES. 

The installation shown comprises two 400 kW Beiliss compound engines, each 
xhausting to a 350 kW mixed pressure turbine and condensing plant made by the 
:ime firm. The overall efficiency of reciprocating engines exhausting, at atmos- 
heric pressure, to condensing turbines is high, and the combination is flexible in 
pcration. Normally the engine and mixed pressure turbine are run in conjunction, 
ut the engine can be run independently — exhausting to atmosphere or straight to 
:ie condenser. Tlie turbine can also be used independently, and it can utilise any 
■jw-pressurc steam which may be available, e.(j. the exhaust from steam hammers. 
)y adding mixed pressure turbines to an existing installation of reci}procating 
Qgines, the output and efiiclency of the plant can be increased. 
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Electeical Recorder and Resistance Thermometkrs. 

This recorder makes four records simultaneously, < 7 . CO, Pf 
water, f ue gas, and steam temperatures The pointers of two galvauomctors u^gistcr 
their positions at, say, 1 min. intervals by being depressed automat cally “ J;" f 
threads of distinctive colours. The percentage of CO, is measured h} a " 

depending on the different rates of cooling of similar hot wires m air and m the Hue 
ffas respectively. The resistance thermometers are protected in various ways to suit 
service conditions ; that in the centre is for measuring air teinpcratures ind(K>rs, and 
the other is for positions under pressure, such as steam or bearing teniperatiircs. 
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Double Current (A.C. and D.C.) Genekatino Set. 


It is necessary in many districts to supply A.C. to some consiniiors and D.G. to 
others. In such cases, the steam consumption can often he reduced liy ii.slng a 
single turbine to drive both types of generator. The illustration shows a steam 
turbine driving a 750 kW, 833 kVA, 2 200 V, 100-cycle, single phase alternator, and 
a 500 kW, 550 V, D.C^ generator. The small machine at the end of tiio shaft is an 
‘ overhung ’ exciter. 
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would provide the desired total capacity and, where possible, that 
combination should be used which consumes least steam. The 
‘ Willans’ line ’ should be plotted for each generating set showing 
the steam consumption per hr. (including the consumption in 
auxiliaries) as a function of the output in kV. Thence a table or 
a chart can be prepared to show at once the most economical 
combination of sets for any particular load. On a falling part of 
the load curve the sets in service may be overloaded temporarily 
but, if a peak load is approaching, allowance must be made for 
this when deciding upon the sets to be placed in commission. 

In large modern stations, and particularly in those intercon- 
nected with other systems (§ 186), a ‘load despatch ex ' is given 
full information concerning the service characteristics of all 
machines and stations, and being in telephonic communication 
with all parts of the system, he is made responsible for the putting 
of plant in and out of service and for all main switching operations. 

191. Power House Losses ; Overall Efficiency. — The over- 
all efficiency of electricity stations is commonly expressed in terms 
of the fuel consumed per kWh generated Statistics prepared 
on this basis by the Electricity Commissioners are summarised in 
Table 22 ; the average coal consumption per kWh generated in 
steam stations was 3T1 lbs. in 1921-22 (396 stations). 

As, however, the calorific value of the coal burnt varies widely 
(say from 10 000 to 13 000 B.ThXJ. /lb.), such data are of 
limited value, and it is much better to state the efficiency in terms 
of the heat consumption per kWh generated. The heat equivalent 
of 1 kWh is 3 412 B.Th.U., hence a consumption of 3*11 lbs. of 
coal (of calorific value 10 500 B.Th.U. / lb.) per kWh corresponds 
to a heat consumption of 3T1 x 10 500 = 32650 B.ThTJ. / kWh, 
and an overall thermal efficiency of 3 412 x lOO / 3‘11 x 10 500 = 
104 - approx. About 20 000 B.ThU. /kWh is consumed in average 
large modern stations with steam turbo-alternators operating at, 
say, 50 % factor, and 17 000-17 500 B.Th.U. / kWh (i.e. 20- 
19*5 thermal efficiency) is about the best result which can be 
obtained in such stations. Assuming that 20 % of l^oat value 
of the coal is delivered to the bus bars as electrical energy, the 
distribution of the 80 lost is roughly as follows (in percentage 
of heat input at the grate ^): Boiler losses 20 7o5 rejected in 

* These percentages must not be confused with the percentages loss in 
terms of the input to the individual parts of the system; for instance, the 

OQQ 


Table 22. — Fuel Consumption of Generating Stations in Great Britain, 


§ 191 ELECTRICAL ENGINEERING PRACTICE 



284 


Note. — Where fche calorific value of the fuel was not specified on the returns, the following average values (B.Th.U. / lb. throughout) 
were us^ for calculating the thermal efficiency : Cml (for steam stations), 10 500 ; anthracite (for gas producer stations), 13 000 ; coke (for 
and gas producer stations), 6 (XX) ; oil (for steam and oil engine stations), 18 000. 
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condenser 52 °/^ ; mechanical losses in turbine 5 ; alternator and 

transformer losses 1 7o 5 losses in auxiliary services 2 7o 
Table 24, § 193). 

According to W. M. Selvey (El Bev., Vol. 91, p. 727) the 
maximum efficiencies which can be expected in new plants are 
as in Table. 23 ; these are higher than the efficiencies at present 
realised and represent possibilities in the future for plants de- 
signed to take full advantage of present-day experience. 

Table 23. — Probable Limits of Efficiency in Steain-Driven 
Generating Stations. 



New Stations %vith 
Generating Sets of 
(Bach). 

Largest 
Stations 
with High 
Pressure 
Steam and 
Inter- 
heating. 

3 000 kW. 

6 000 kW. 

(a) Boiler efficiency 

0-78 

0*81 

0*85 

(5) Thermo- dynamic efficiency of turbine cycle 

0*34 i 

0*36 

0*40 

(cj Mechanical efficiency of turbo-generator 

0-70 

0*73 

0*85 

(a) Eatio of kWh at bus bars to kWh generated * 

0*76 i 

0*80 

0*85 

Overall efficiency (=<ixbxcxd). 

1 0*139 

0*170 

0*245 

B.Th.U. / kWh at bus bars .... 

24 550 

20 050 

13 930 


From Chapters 6 and 11 it will be clear that load factor is of 
the utmost importance in determining the overall efficiency of 
power plants (see also § 217). In general, gas and oil engine 
plants are affected more adversely than steam plants by low load 
factor because the efficiency of internal combustion engines falls 
off more rapidly at fractional loads, but this can be compensated 
to some extent by the installation of a suitable range of sizes ; 
advantage is then derived from the fact that internal combustion 
engines have no stand-by losses. 

When comparing the consumption of (say) 17 500 B.Th.U. / 
kWh in a large modern station with the 22 500 B.Th.XJ. / kWh 
attainable in a small isolated plant it must be remembered that 
the distribution of energy from the large station involves at least 


mechanical loss in the turbine = 5 °/o of the coal value, but 5 x 100 / (100 - 20 
- 52) = 17-9 °/o of the input to the turbine after deducting the boiler and con- 
denser losses {see also § 193). 

* Allowing for consumption in station auxiliaries and for operation and 
machine load factor losses. 
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two pressure transformations (possibly four) and also the losses 
in the transmission line. Allowing for three transformations 
(each at 98 7^ efficiency) and for 10 7^ loss in transmission, the 
overall efficiency from station to consumer is 0*98 x 0*98 x 0*9 = 
0*865, and the 17 500B.Th.U. / kWh generated becomes 17 500/ 
0*865 = 20 200 B.Th.U. / kWh delivered. Allowing also for the 
easier utilisation of heat from private power plant (§ 188) it will 
be seen that the supposed advantages of centralisation may be 
reduced or even non-existent (§ 185). In many instances a good 
case could be made for decentralisation. 

192. Control of Power House Efficiency. — The complete 
determination of power house efficiency involves the installation 
of measuring instruments on every piece of the equipment, 
the taking of readings at frequent, regular intervals, and the 
calculation of results therefrom. The trouble and expense of ob- 
taining these results is justifiable in large stations, provided that 
the information derived is applied to the improvement and 
maintenance of efficiency. In smaller stations a less elaborate 
procedure is required, but some definite record and comparison of 
fuel consumption, water consumption, and electrical output should 
always be maintained, in addition to suitably tabulated records 
of expenditure on oil, general stores, repairs, etc. Probably the 
simplest and best method of controlling the overall efficiency of a 
steam-driven station is as follows : * The weights of coal burnt 
and of water evaporated per shift are plotted (on separate sheets) 
against the kWh generated. After doing this for a fortnight or 
so it will be found that straight lines can be drawn showing what 
is an average consumption of coal and water for any output (kWh) 
per shift. The lines will cut the axis of coal or water above the 
zero point and will there show the minimum consumption of coal 
and water respectively required to keep the plant ready for service 
but with no kWh output at the bus bars. Once these lines are 
obtained the coal and water consumptions for each shift are com- 
pared with the ‘standard’ value for the kWh concerned. Un- 
usually high coal consumption means that the boilers have been 
mismanaged, or that inferior coal has been used, or that steam 
has been wasted by blowing off, etc. In the latter event the point 

* For a full explanation with examples see brochure on ‘ The Coal Consumption 
of Power Plants and Bonuses for Coal Saving,’ by B. H. Parsons (Electrical 
Beviewy Ltd,), 
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plotted on the water chart will be above the normal line. The 
primary function of these charts is to call immediate attention to 
abnormal results so that they may subsequently be striven for if 
good or avoided if bad If the general indication afforded by the 
charts is followed up by an intelligent search for causes of in- 
efficiency, it will soon be possible to establish fresh standard lines 
corresponding to higher overall efficiency. 

Useful suggestions for the compilation of statistical reports on 
a basis permitting direct comparison between different plants are 
given by W. S. Gorsuch, Jour, Amer. LE,E,, Feb., 1920. 

Comparison between the weight of water fed to boilers and 
the amount of steam fed to the main turbines (or the weight of 
condensate from the latter) leads to detection of excessive con- 
sumption in auxiliaries. Steam turbines should be tested over 
their full range of load every few months in order to detect 
deterioration of blading, etc. 

193. Relative Importance of Efficiency in Various Parts of 
Plant. — The coal bill represents from 50-75 of the total 
working costs (i,e. cost excluding ca-pital charges) in most of the 
stations in Great Britain, hence reduction in the fuel consumption 
is one of the most valuable economies which can be eflected. 
The importance of small differences in steam consumption of 
large generating sets, and certain risks attached to assessing the 
value thereof, are brought out by the following excerpt : — 

A 10 000 kW turbo-generator loaded to an average of 7 500 kW for 8 000 hrs. 
per annum will supply 60 000 000 kWb per annum. A variation of 1 % 
output, on a coal cost of 0*15d. per kWh, equals MS15 per annum, which is equi- 
valent to £3 000 on an 8-year life. One set may consume 12-5 lbs. steam per kWh 
and cost ^25 000. If a second set be offered, consuming only 11-5 lbs. per kWh 
{i.e, 8 less), it is worth £24 000 more than the first set, but the actual difference 
in cost of manufacture will be no more than £2 000 or £3 000 [pre-war]. Naturally, 
substantial bonuses or penalties are offered or imposed for high or low steam con- 
sumption respectively. Large sums of money thus depend on the accuracy of test 
figures, which may be 3 °/o or 4 in error, while the actual sums are often given 
in terms of one-tenth of a lb. of steam per kWh, i.e. less than 1 of the total 
consumption (W. M. Selvey, Jour. I.E.E. ,Yo\. 53, p. 109). 

It should be noted that the value of 1 °/^ higher efficiency in 
any piece of apparatus varies with the actual efficiency of the 
latter. Doubling the efficiency of any step in the train of con- • 
versions between the coal pile and the bus bars would halve the 
coal bill ior given kWh output ; for example, the coal con- 
sumption / kWh would be halved by increasing the efficiency of 
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any piece of the apparatus from 10 to 20 from 20 to 40 or 
from 40 to 80 °/^ but the increase in the percentage efficiency of 
the apparatus itself would be 10 %> 207o> and 40 °/^ in the re- 
spective cases. This shows that 1 increase in apparatus 
eflS.ciency is more valuable the lower the initial efficiency {see 
col. 7, Table 24). On the other hand, the percentage gain in 
overall efficiency (reckoned from the coal pile) per 1 7o increase 
in apparatus efficiency decreases with the energy input to the 
apparatus concerned (see col. 6, Table 24). For example, the 
input to the boiler (Table 24) is 100 B.Th.U., and increasing 
the boiler efficiency from 80 to 81 results in 1 °/^ higher 
overall efficiency and in 100 [1 - (80 / 81)] == 1*25 7o saving in 
coal ; * at the turbine the input is 79*2 B.Th.U., and the effect of 
raising the turbine efficiency from 27 °/o raise the 

overall efficiency (coal to turbine shaft) by 0*8 7 oj but the saving 
in coal for equal output at the turbine shaft is 100 [1 - (27 / 28)] 
= 3*5 7.. 

Table 24. — Approximate Distribution of Losses in an Elec- 
trical System and Belative Value of Efficiency Improve- 
ments, 


Apparatus. 

Assumed 

Efficiency 

of 

Apparatus 

7o. 

Equivalent Heat Units. 

Effect of 1 Higher 
Apparatus Efficiency. 

Input. 

Lost. 

Output 
( = overall 
Efficiency 
from Coal 
Pile). 

Increase in 
Overall 
Efficiency 
from Coal 
Pile, 7o. 

Saving in 
Coal Con- 
sumption 
for Equal 
Output, ®/o. 

Boiler .... 

80 

100 

20 

80 

1-00 

1*25 

Steam pipes 

99 

80 

0*8 

79-2 

0*80 

1*00 

Turbine 

27 

79-2 

57*8 

21-4 

0-77 

3-57 

Alternator . 

95 

21*4 

1*1 

20-3 

0*24 

1*05 

Step-up transformer . 

98 

20*3 

0*4 

19*9 

0*20 

1*01 

H.T. mains . 

90 

19*9 

2-0 

17-9 

0*20 

1*10 

Step-down transformer 

98 

17-9 

0*4 

17-5 

0*18 

1*01 

L.T. Cables . 

98 

17*5 

0*3 

17*2 

0*18 

1*01 

Motor .... 

90 

17*2 

1*7 

1 15-5 

1 

0*18 

1*10 


In choosing between alternative plants which may be available, 
the loss in each plant should be plotted to the same base as the 
load curve, the loss being calculated (for each load shown by the 


* The saving in coal effected by increasing the efficiency of any apparatus from 
a7oto2/7oisl00(l-?)%. 
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load curve) from the appropriate efficiency as shown on the load- 
efficiency curve of the plant. That plant which has the smaller 
total area below its daily loss curve will be the more efficient in 
the service concerned. It will be found that plant which has high 
efficiency at low loads will give particularly favourable results 
when the load factor (§ 261) is low (see also § 217). 

194. Distribution of Generating Costs. — The cost of gener- 
ating electricity may conveniently be divided into fixed charges 
(principally interest on capital, and depreciation) which do not 
vary greatly in total amount with the kWh output per annum, 
and working costs (principally for fuel) which increase roughly in 
proportion with the kWh output. The capital charges / kWh 
obviously decrease as the output increases, but the working 
costs / kWh vary little within a wide range of output. Table 25 
(due to C. W. Charles worth, Inc. Munic. El. Assoc., 1921) illus- 
trates the composition of the total costs of electricity supply in 
average central stations. It may be stated, as a general rule, that 
whore the load factor is high fuel economy is the prime considera- 
tion ; the most expensive plant, with every refinement that will 
reduce the fuel bill, will be the best. On the other hand, where 
the load factor is poor, capital charges are of far greater impor- 
tance, and a less expensive plant will give the lowest running 
charges. 


Table 25 . — Composition of Total Costs of Electricity Supply, 



Percentage of Total Cost in Year. 


1913-14. 

1916-17. 

1919-20. 

Capital charges 

86 

30 

31 

Fuel 

25 

40 

35 

Repairs, maintenance, water, stores, etc. 

18 

11 

14 

Shift and running wages . . . . . 

5 

6 

8 

Local rates, management expenses, and salaries 

16 

13 

12 


An analysis of the distribution of working costs in typical 
central stations in Great Britain is given in Table 26. This is 
based upon data extracted from the Tables of Costs and Records 
published by the Electrical Times ; the complete tables should 
be consulted. 
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Table 26 . — Analysis of WorTiing CostSy etc., in British 
Central Stations. 

The figures given are the averages for six stations in each group calculated 
from figures given in the Electrical Times tables, November 2, 1922. It seems 
likely that these costs may be reduced by about 25 °/q during the period 1923-25 
{see also Table 38, § 269), 


Total kWh sold per annum . 

Plant capacity, kW .... 

ri 500 000- 
1 2 000000 
1 000-2 000 

20 000 000- 
30 000 000 
15 000-25 000 

50000 000- 
150 000 000 

50 000-125 000 

Working costs per kWh sold, pence : — 
Fuel 

1-42 

0*80 

0*59 

Oil, waste, water, and stores 

0-15 

0-02 

0-02 

Wages of workmen .... 

0*46 

0*17 

0*16 

Bepairs and maintenance . 

0*56 

0-22 

0*22 

Rent, rates, and taxes 

Management, salaries, office and legal 
expenses, insurance, etc. 

0-19 

0*15 

0*18 

0-31 

0*10 

0*12 

Total 

3T1 

1-47 

1*31 

kWh sold for private supply per head of 
population 

45 

113 

117 

Annual load factor * . . . . 

20-1 

20-2 

21*5 

Capital expenditure on whole system — 

& 1 kW connected .... 

31-90 

24*20 

29*70 

£ /kW of station plant capacity 

89-30 

42*80 

49*30 


195. Capital Cost of Central Station Plant. — Under this 
heading little information can be given owing to the instability 
and abnormal level of post-war quotations. The figures in Table 
27 will serve as a general guide, and for further information the 
reader should refer to the particulars of tenders published in the 
technical press. During the financial year 1920-21 the cost of 
equipment was generally from three to four times the pre-war 
price; in 1921-22 the factor was about 2-2| ; and in 1922-23 
about 1-75-2. It is probable that capital costs will gradually 
settle down to about 50 above pre-war figures. 

In Power Bouse Design (first edition) Sir John Snell gave the (pre-war) costs 
shown to the left of Table 28 for a 25 000 kW Mond producer -gas plant, and the 
same authority (in his presidential address to the I.E.B. in 1914) gave the figures 
shown to the right of Table 28 as the minimum costs likely to bo attainable in 

* Calculated as (kWh sold per ann. x 100) / (max. simultaneous load on 
feeders in kW x hours of supply period) {see also § 261), 
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Table 27 {Continued). 




1 500 kW set of mercury rectifiers . 
Switchgear for 1 500 kW turbo-alternator and 
rotary converter . • • * • • 

Switchgear for complete station, 5 000 kW up- 
wards . . . *. * . j j 

110-220 V generating set with switchboard and 
steam engine and boiler, or gas engine and 
nroducer, or oil engine . . • 5-10 kW 

20-25 kW 

Gas engine plant, 1 000-2 000 kW, without am- 
monia recovery, including generators, switch- 

gear, and buildings 

Gas engine plant, 10 000-15 000 kW, with am- 
monia recovery, generators, switchgear, and 
buildings . . • * . * . * * 

Complete steam-driven central station, including 
buildings, 10 000-100 000 kW .... 
Complete hydro-electric stations {sob Table 35, 

§ 216 ) 

Substation, complete with transformers and 
converters, 2 000-5 000 kW .... 


Per 

Pre-War. 

Post-War, 

1920-23. 


& 

£ 

kW 

— 

5-8 

kW 

0-25-0-5 

0-5-1-0 

kW 

0-5-1-0 

1-2 

kW 

50-75 

85-130 

kW 

30-40 

50-70 

kW 

15-20 

25-35 

kW 

15-20 

25-35 

kW 

8-15 

25-30 

kW 

4-7 

7-12 


Table 28. — Pre-WcoT Costs of Large Gas and Steam Plants. 


Moiid Producer-gas Plant, 

Per 

kW. 

Modern Steam Turbine Plant. 

Per 

kW. 

Slack handling, regenerator plant, 

£ 

Land, river walls, and sidings 

£ 

0*25 

and gas producer 

1-06 

Buildings, coal silos, foundations, 

2-00 

Acid towers, recovery and sulphate 


and cranes .... 

plant 

0*68 

Boilers, economisers, coal and ash 


Steam-raising plant and sundries . 

0*76 

plant chimneys and mechanical 

3-25 

Gas engines and electrical plant 


draught 

(25 000kW) . . . . 

7-60 

Turbo-generators, condensers, air 


Pipework, cooling towers, buildings 
and foundations .... 

1'88 

filters, piping, tanks, and switch- 
gear 

2-65 


11*98 


8-15 


The capital cost of existing central stations in the United 
Kingdom, as represented by the total capital investment divided 
by the present kW capacity of plant installed, is very heavy in 
many cases. This is due to various causes, among which may be 
noted heavy legal and Parliamentary expenses, costly purchase of 
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vested interests, extravagance in original buildings, costliness of 
early electrical apparatus, failure to recognise and provide for the 
rapidity with which plant would become inadequate or obsolete, 
and failure or inability to meet from revenue all charges which 
should be thus met. In the past every central station scheme 
has had to start on a relatively small scale, and this has resulted 
in disproportionately heavy capital expenditure per kW ; with 
interconnected stations and ' superstation ’ schemes this factor is 
not operative. 

According to the Electricity Commissioners^ Report (1921) 
the average capital expenditure in the United Kingdom on lands, 
buildings, sidings, wharves, etc., and generating plant (but ex- 
cluding distribution items) up to December 31, 1918, was £ 22*2 
per kW installed for public supply other than traction {see 
Table 29). 


Tabi.e 29. — Generating Plant Installed and Capital Expendi- 
ture for Public Supply {other than Traction) in the 
United Kingdom, 


Undertakings. 

Generating 

Plant 

Installed. 

Average Capital Expended on 
Lands, Buildings, Sidings, 
Wharves, etc. , and Generating 
Plant, Excluding Distribution 
Items. 

Class. 

Number. 

Local Authorities — 


kW 

£ /kW 

London 

14 

131 791 

25*6 

Rest of Great Britain 

214 

1 290 138 

20-3 

Ireland 

11 

28 695 

21*8 

Total .... 

239 

1 450 619 

20*9 

Companies — 




London 

15 

216 037 

29*1 

Best of Great Britain 

162 

135 645 

31*8 

Ireland 

5 

2 801 

45*9 

Total .... 

182 

354 483 

30*2 

Power Companies . 

17 

370 053 

19-6 

Totals .... 

438 

2 175 155 

22-2 


Referred to the basis of load connected, the capital investment 
in existing English stations is often £25-£35 per kW in large 
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towns, and £40-£r)0 or more in Hmall iowiiH {/r^" aiati lafilt* 
26, § 194); this %ure givos the hasin on whieh ilif* r!iiir|,^*‘ 

per kW demand shouhi beoHtimaied in .lriurnn |4 tarillsi.srr | 2i 2 1. 

196. Power House Buildings; Space Occupied by Piaiil. 
main feature of nKwltjrn central statifai litiildiiiij^H iliilr 
simple and economical constructiun ; Hte«‘ldram«‘d siriirt4ir«*.H mI 
a strictly industrial type are emplny«»tl ; nu t‘X{«‘ndit.iirf* ih madf* 
upon purely architectural ellects; and proviniun in iniide f^r in’inv 
extension. Ample supply of ccjudensing %viifer in iiidi^j>eiiN^ili|#^ 
in a steam turbine station, ami in several inHtalie^^H »*l 

water has made it neccmsary to go to sites wlnm iiddilitmal 

generating plant was re<juired. (jlieap coal transpiai is als«i 11 
priinary consideration, and ilie <|UeHtion of iish dispj*s,iii iiiateriitily 
atiects the selection of a sib* fm* a large station. Tbo dilfm'iiei* 
between, say, 5s. a ton and 6d. a ton to diH|MiHe *d' 1*4 wliir-li 

there may be 190-150 tons imr million kWh) may cxci*id tin* 
capital charges on tint additional transmisHiim iNjuipimmi roijiiircd 
if the station he placed on the site where ash dispNsa] is I'heap, 

The extended appliaitions cd’ elecfric power and flic {tf^rlVriioii 
of the steam turliine have I<?<1 to rapid. incrcaHi* in itif* caj.nit*,ity «.#! 
generating sets installed, till, in tin* latcsl ’liigoiidt * statif.»ii.H, 
there are, say, half a do/a;n turlK)«aIti*riiatorH, I'lich of 20' luni k IV, 
40 000 kW, or even greater jK>wer (J 17M f 

The modern horixc>ntal turlHoalternator oecnpies only iV/-, 
sq. ft. of floor area per kW, and it is fjuite 11 iiroblein to arrum- 
modate the necessary Isalers in <s.aivi!ineiii and e.fliciefif liiiinin-r 
round a *hig-unit’ |}ower InniHo. A«!o|itiiig tin* iipwI. coriipaci 
arrangement of l>oiler« and coal silos, the groimd Npiim reijtnr*»d 
is 4 or 5 times that (Ktcupitnl liy the e.«irri^.H|s Hiding N«'t*|.ioii of 
power house (including all auxiliarkfi am! 11 fiiirly high p^-iTinitag** 
of gangway area), and 2 or *4 timi^s that oceii|iiit4 by jiliiiit 

and switchgear together. Th«? larg«.?si fmrixt.mt.iil tiirb.nfi!trriiiii*irN 
yet built (^5 0(X)4J0 000 kW) mmipy iitK:iiit Q' ttio sq. ft. grifiimi 
area and 0*72-0*82 cm ft ovenill sjMicti imr kW. In a hirg*-- 
unit station, thc^ total fhsir area ri«|iiirisi by s%fiieli. iiitd 

Imiler houscH is alamt 0*6-0*75 sq. ft, fsfr kW. 

The GiitnyiviUbrii iitatkm <*( tlt«i Urntia is <t4 %rty t 

deHigm The Hite of 11 heefcitriiH |>ro¥itliii for ii|» k\%' 

napwity; thw will ty:4rre»|Kiiid to tfili or, my, fi Ih*" nfo*- ».! 

writing, the hiHtiiikd mimniy 2CJO0:^i kW, Itiitre Ip’liig ho- |ii wikW lirri#-' 
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alternators supplied by 25 boilers. The space occupied by the 200 OOO kW equip- 
ment is approximately (per kW in each case) : coal store 0*54 sq. ft. ; boiler house 
0*24 sq. ft. ; machine room 0*12 sq. ft. ; high-pressure switch house 0*17 sq. ft. ; 
low-pressure switch house 0*032 sq. ft. From basement floor to roof, the boiler 
house and machine room are about 95 ft. high, and the switch houses about 50 ft. 
high. 

The Gennevilliers station is described fully in a brochure published by La 
Bevue Industrielle (Paris) ; see also Engineer, Vol. 13i, pp. 242 et seq. 

The Dalmarnock (Glasgow) station, with an initial installation of five 
23 400 kVA turbo-alternators, and space available for extension to 200 000 kW 
total capacity, is described in Modern Cenb'al Stations by C. W. Marshall (Pitman) 
and in EL liev., Vol. 87, p. 324. 

Modern practice in to use switchgear of the remote-control 
type, placed in a building distinct from the power house, and so 
constructed as to reduce fire risks to a minimum. Storage space 
for many thousand tons of coal is required, owing to the huge 
actual daily consumption of fuel and the importance of main- 
taining continuity of supply. Mechanical conveyers of various 
types are used to deliver coal to the boiler bunkers, the fuel being 
weighed automatically en route ; and mechanical or pneumatic 
ash-handling plant is genei'ally irivstalled. The tendency is to use 
higher boiler drauglit (up to, say, 6 ins. water-gauge), produced 
mechanically, smoke stacks being reduced to the height 3;e([uired 
to carry fumes (there need be no smoke) clear of buildings. 

197. Central Station Output. — The Electricity Commis- 
sioners publish annually statistics showing the total kWh per 
annum generated by stations in Great Britain; also, the number 
of stations in service, grouped according to the kWh generated. 
During the year ending March 31, 1921, 421 authorised under- 
takers in Great Britain generated, on the average, 10 400 000 
kWh each, and 80 railway, tramway, and non-statutory under- 
takings generated, on the average, 9 800 000 kWh each. Of the 
,421 authorised undertakers submitting returns: 8T 7o generated 
less than 100 000 kWh during the year; 19*2 7o generated 
between 100 000 and 500 000 kWh; 27*1 7o between 500 000 
and 2 500 000 kWh; 21*6 7o between 2 500 000 and 10 000 000 
kWh; 19*7 7, between 10 000 000 and 50 000 000 kWh; and 
4*3 7o over 50 000 000 kWh. These figures do not include the 
many private generating stations for which no data are available. 

The largest pre-war output in any one year from the whole of the public 
generating stations in the United Kingdom (about 500 in number) was roughly 
2 GOO million kWh. The electrical output in Sweden in 1914 (mainly from water 
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power) was about 1 475 million kWh, the population of Sweden being approxi- 
mately 5 500 000 (32 per sq. ml.) compared with 45 400 000 (374 per sq. ml.) for 
the United Kingdom. During the war there was a striking development in this 
country in the application of electrical power to industry, chiefly in the manu- 
facture of munitions, and the electrical output from public supply stations niore 
than doubled in four years, amounting to 4 628 million kWh in 1918 {Electricity 
Comviissioners' Beport, 1921). 

Now and in the near future one may take 200-250 kWh per 
head of population per annum (not per consumer) as the highest 
average consumption of electricity for lighting and power alone 
attainable in very large cities. Even this estimate is on the high 
side so far as Great Britain is concerned, 150-200 kWh per 
capita being a typical range for very highly developed electric 
supply areas. Traction loads may easily add 25 or 50 7o these 
figures.* In large provincial towns 60-100 kWh per capita 
per annum is a good average for lighting and power consumption ; 
and 20-30 kWh was the most that could be counted on in small 
towns when the demand was chiefly for lighting purposes, but, 
even in such places, electricity is now used for domestic and other 
small-power applications so that 25-40 kWh per head of popula- 
tion can be sold {see also Table 26, § 194). 

198. Electricity Supply Legislation; National Organisa- 
tion of Supply. — In the past the development of electricity supply 
in Great Britain has been retarded and restricted by the hopeless 
ineflSiciency (from the electrical standpoint) of the legislation 
which governed the industry for so many years, and partly 
perhaps by the fact that the average electrical engineer has taken 
little interest in this question. It should be obvious that every 
one engaged in the industry ought to have a knowledge of the 
man-made laws as well as the physical laws which govern his 
activities. The principal legislative measures concerning elec- 
tricity supply in Great Britain are summarised in Chapter 41. 
The trend of these measures, as affecting the present position and 
future developments, is outlined clearly in the ‘First Annual 
Report of the Electricity Commissioners,' which document should 
be consulted. 

Under the Electricity (Supply) Act, 1919, the Electricity 
Commissioners are empowered, inter alia : — 


* According to B. Welbourn the average consumption of electricity in Chicago 
is 714 kWh per citizen per annum, compared with 155 kWh in London, including 
traction demand in both cases (Jour, I,E,E,y Yol. 61, p. 31). 
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(i) To determine electricity districts, to approve or formulate scliemes for 
improving the existing organisation for the supply of electricity in such districts, 
and to make Orders embodying such approved Schemes which may provide for 
the formation of Joint Electricity Authorities. 

(ii) To consent or to refuse consent to the establishment of a new or the ex- 
tension of an existing generating station or main transmission line, subject to 
certain provisos. 

(iii) To require the alteration of the type of current, frequency or pressure 
employed in the undertakings of authorised undertakers, subject to certain 
provisos. 

As pointed out by the Commissioners in their ' First Annual 
Report ’ the re-organisation of electricity supply in this country 
‘ is not a question of starting, ah initio, to develop a comprehen- 
sive and standardised system of generation, transmission, and 
distribution on the basis of present-day knowledge and technical 
practice, as there already exists an extensive and heterogeneous 
development representing the uncoordinated growth of many 
years. The problem of reorganisation resolves itself into the 
determination of the best method of adapting, modifying, and 
expanding the existing development with the view of ensuring 
as speedily as possible an improvement in the supply of electricity 
for the numerous and growing needs of the community. It is 
only after thorough investigation at all stages, with full oppor- 
tunity afforded to all interested parties to make representations 
at each stage, that a scheme for the reorganisation of supply in 
any district can become of statutory effect through the medium 
of an Order of the Commissioners, confirmed by the Minister of 
Transport and approved by Parliament.’ 

The provision made for the submission* of schemes for im- 
proving the organisation of the supply of electricity in a district, 
and for safeguarding the interests of all parties concerned, is 
entirely to be commended provided that it is not abused by 
obstructionists. 

A phase of electrical development which follows naturally from 
the treatment of electricity generation on a national basis, with 
widespread interconnected networks, is that of exporting elec- 
tricity. Electricity has been transmitted satisfactorily from 
Sweden through a partly submarine cable (§ 292) to the Danish 
island of Zeeland for some years past, and schemes are in hand 
for a Norway-Sweden-Denmark transmission line which will 
make possible the utilisation of about 1 000 000 kW of water 
power at present going to waste. In Switzerland electricity is 
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expoHed^ d5ui*mg' ’tha spring and summer, and imported from 
foreign steam-driven stafions when the native water-power is 
insuf]5.cient to meet the home requirements. At the time of 
writing, CaiiadtL exports nearly 1 000 million kWh per annum to 
the United States through a dozen transmission lines. Countries 
possessing surplus water-power will probably, in the near future, 
export electrical energy derived therefrom for distances up to 
1 000 miles. There is much to be said for international electricity 
supply in preference to the export of coal. 

199. Bibliography (see explanatory note, § 58). 
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CHAPTER 8. 

WATEE-POWER; GENERAL CONSIDERATIONS. 

200. Wide Ran^e of Water-power. — Although countries 
which had insufficient supplies of fuel have been developing their 
hydro-electric resources for many years, it is only recently that 
all civilised countries have undertaken systematic surveys of 
their available water-powers. At the present day experts in this 
branch of engineering are scarce, and even elementary knowledge 
of the subject is often lacking. It is only possible in this book 
to give a general outline of the subject, and specialist treatises 
must be consulted for details of hydraulic machineiy and particu- 
lars of the civil engineering works involved in laying-out pro- 
jects. These may comprise almost any conditions, from developing 
a 3-ft. fall on a river or canal up to that of a 5 000-ft. fall in a 
range of mountains ; and from utilising the whole flow from the 
catchment area of a great river, such as the Mississippi, clown to 
that from a few square miles of country with heavy seasonal mon- 
soon rainfall. The power may he obtained from the normal ' flow 
of a river or canal alone; or from the same supplemented by 
storage ; or (for the greater part of each year) from stored water 
alone. In every case water-power is the simplest example of 
power as represented by the rate of expenditure of ft. -lbs. per 
min. ; in the old-fashioned overshot water wheel this was 
directly exemplified by each bucket carrying so many gallons of 
water and depositing it into a tailrace so many feet below the 
headrace. In hydro-electric practice the actual fall may be either 
a natural waterfall, or an artificial fall created by a dam or weir, 
or a fall developed by carrying the water along in a canal until 
sufficient drop has been accumulated above the original and more 
rapidly falling source. 

201. Power Available from Water. — It is often assumed 
that an actual visible waterfall is necessary for the generation 
of power. In canals and in streams, where the slope of the hed 
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is extremely small, this is true, and power can only be generated 
where there happens to be an artificial fall (such as a lock or 
weir) or a rapid capable of being converted into a fall. On the 
other hand, the slope of rivers is generally greater, and an 
artificial head can often be obtained by carrying the water for 
some distance along a comparatively level artificial channel. 
The horse-power available in any case is, theoretically, the pro- 
duct of the weight of water in lbs. per sec. {i.e. cu. ft. per sec. 
X 62-3) multiplied by the vertical head in feet and divided by 
550. The result must, however, be reduced in proportion to the 
inefficiency of the turbine or wheel, and the loss of head in the 
pipes, in order to find the actual B.H.P. available on the shaft. 
The efficiency of modern wheels varies from about 65 up to over 
90 7^, but for rough calculations and including pipe losses 80 7o 
will not be far wrong. Taking this into account we have : — 

Theoretical water H.P. = cu. ft. per sec. x head in ft. / 8 ‘83. 
Available E.H.P. = cu. ft. per sec. x head in ft. / 11. 

A cu. ft. per sec. or 'cusec’ — a useful irrigation term little 
known outside India — ^will therefore give 0*09 B.KP. on the 
turbine shaft per ft, of fall; 0*9 B.H.P. per 10 ft. of fall; 
9 B.H.P. per 100 ft.; and 90 B,H.P. per 1 000 ft. For rough 
project estimates the overall efficiency of medium-sized electric 
;enerators working at full load may be taken as 94 7o (Chapter 
lO) ; if driven otherwise than directly ofl* the turbine shaft there 
dll be an additional loss of about 5 in the drive. The 
electrical power available at the generator terminals, assuming 
this efficiency and converting from H.P. to kW, will then be 
approximately : — 

For direct drive : Kilowatts == cusecs x head in ft. / 15*5 (say 15). 
For indirect drive : Kilowatts = cusecs x head in ft. / 16 *5 (say 16). 

Thus, for example, we may have a canal fall of 10 ft. net with 
1 000 cusecs flowing, or a mountain stream in which a fall of 
1 000 ft. can be obtained with 10 cusecs flowing. In both cases : 
The theoretical H.P. is 10 000 x 62*3 /550 = 1 150; the turbine 
B.H.P. is 10 000 / 11 == 910 ; and the electrical power is 10 000 / 15*5 
or 16*5 = 645 or 605 kW, according as the drive is direct or in- 
direct. 

202 . Constants and Approximations.— Table 30 and the 
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approximate relations given below will be found useful in dealing 
with water power. Explanations, where required, will follow in 
due course. Unnecessary decimals are omitted. 

Table 30. — Constants of Water. 

1 cu. ft. of water = 6*23 Imp. gals. = 62*3 lbs. 

= 7*48 U.S. gals. 

35*9 cu. ft. of water = 1 English ton of 2 240 lbs. 

35*31 „ „ „ „ =1 cu. metre. 

1 acre-foot (i.e. 1 acre covered to a 

depth of 1 ft.) = 43 560 cu. ft. 

= 1 223 cu. metres 
22*96 acre-feet = 1 million cu. ft. 

1 sq. mile-foot = 27*88 million cu. ft. 

Flow of Water. 

1 cusec or second-foot (i.e, .1 cu. ft. 

per sec.) = 62*3 lbs. per sec. = 0* 028 3 m.** per sec. 

= 3 738 „ „ min. = 1* 699 „ „ min. 

= 374 gals, per min. 

= 86 400 cu. ft. per day = 2 446 ,, „ day. 

= 2*4 to 2*6 million cu. ft. per month. 

= n »» „ year 

= 892 950 m.® per year. 

APPROXIMATIONS. — Storage of Water. 

100 000 cu. ft, stored will give 1*16 cusecs for 24 hrs. 

2i „ „ 12 „ 

„ „ 6 „ 

, H „ ,, 3 „ 

27| „ „ 1 „ 

Thirty-one and a half million cu. ft. stored is ec^ui valent to 1 cusec for a year ; 
but owing to losses by evaporation, etc., the actual value is nearer | cusec. The 
following approximations may be used : — 

1 000 million cu. ft. stored will give 30 cusecs for a year. 

40 „ „ 9 months. 

60 „ „ 6 „ 

90 „ 4 „ 

120 „ „ 3 

Catchfyients, 

A catchment area is the whole area (bounded by watersheds) draining into a 
river or stream at any particular point in its course. If the whole rainfall within 
a catchment reached the determined point in the stream (which is far from being 
the case), then : 

1 in. of rain = 100 tons or 3 600 cu. ft. per acre, 

= 64 000 tons or 2*33 million cu, ft. per sq. mile. 

The actual flow-off dea^lt with in § 204. 
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Power Available Tinder the Best Conditions. 

(i) From Flow — 

Cusecs X head in ft. / 11 = E.H.P. at generator. 

,, X „ „ „ / 15 = hW ,, „ 

(On small projects and for average results divisors of 12 and 16 maybe used.) 

(ii) From Storage — 

Thousands cu. ft. stored x head in ft. / 42 == E.H.P.-hours. 

„ „ X „ „ / 56 kWh. 

Millions cu. ft. stored x head in ft. / 370 = E.H.P.-years. 

„ „ X „ „ / SCO = kW-years. 

„ „ X „ „ X 17 = kWh. 


203. Classification of Water-power. — Present-day practice 
tends to use only two types of prime mover for water-power, 
viz . : the Pelton wheel (jet impulse) turbine for ' high heads ’ 
and the Francis (reaction) turbine for Mow heads.’ The range 
of the latter type is extending upwards, as Pelton wheels are 
not satisfactory except on heads of several hundred feet. There 
is a zone between the two extremes representing ' medium heads/ 
from about 100 or 150 ft. up to about 400 ft., but the modified 
types of jet impulse turbine, such as the Girard, originally in 
favour for this class of lay-out are now being superseded by the 
Francis type, suitably modified Although, so far as the power 
plant and its utilisation are concerned, the difference may be 
only one of turbine rotors or runners, the actual development of 
sites for high, medium, and low falls offers considerable variety. 
Each is dealt with after considerations common to all have been 
explained. 

204. Catchment Areas and Flow-off. — As the power avail- 
able is always proportional to the product of flow and head or fall 
it follows that, whereas high-head plants can operate on a com- 
paratively small flow, low-head plants of the same capacity require 
a very large volume of water. Except where great storage works 
are undertaken, nature fits in with these requirements ; for while 
small individual streams in mountainous country, with small catch- 
ment areas, offer high-head developments, the great rivers into 
which they discharge supply the medium and low-head plants. 
From the point of view of hydro-electric works the absolute 
minimum flow of the source is the determining factor, except where 
water storage on a large scale is possible, as upon it depends the 
size of the plant that can be continuously operated. Where large- 
scale storage is possible, the minimum annual flow-off determines 
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the limits of the project, subject to the possibility of being able to 
carry over a reserve supply from a good year to a deficient one. 
The maximum flow-ofF in floods is necessarily always of impor- 
tance in connection with the safety of headworks and dams and the 
provision of waste weirs or escapes or under-sluices for discharging 
the excess water. 

Considering small catchment areas first, the flow from day to 
day in the streams fed by them evidently depends primarily on 
the amount of rainfall ; but not only on the amount, as the rate or 
intensity at which the falls occur has a large bearing on the 
problem. Occasional showers are mostly lost by the way, in 
evaporation, or absorption by soil and vegetation. If the ground 
is dry, the first hours of rainfall may have but little effect on the 
stream ; on the other hand, when the ground is already saturated, 
further rain will mostly run off to the stream. Here the nature of 
the ground has to be considered ; bare steep rocky hillsides allow 
a very large proportion of rainfall to pass quickly down, while, at 
the other extreme, flat agricultural or forest land retains a large 
proportion of the fall and allows more to be lost by evaporation 
during its slower passage down. Then again, some of the rainfall 
sinks into the ground and reappears later in the form of springs ; 
while high altitude snow, the most valuable form of ‘ white coal ’ 
to the water-power engineer, may supply a river with water at the 
time when the ordinary flow is at the lowest and during the driest 
of seasons. Where large scale storage of water is in question it is 
the minimum annual flow-off of the river that is of the greatest 
importance, but in the case of small, and probably high-elevation 
catchments it is the day-to-day flow-off and the maximum and 
minimum amounts of water arriving at the headworks of the 
project that matter most. For a full discussion of various 
empirical formulae for obtaining the maximum flow-off from a 
catchment the reader is referred to Buckley’s Irrigation Pocket 
Book, where actual results are also given of many known rivers. 
It will be suflSicient here to mention Dickens’ formula, viz . : — 

D = 

where D = maximum, discharge, in cusecs. 

C = coefficient. 

M = catchment area, in sq. mis. 

The author ot thia formula took G as 825 where the rainfall was 
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about 36 ins. a year and considered the same figure applicable from 
24-50 ins. By actual application it has been found (loc. cit) 
that the coeflScient varies in Indian rivers from 120 up to 1 795. 
The former figure is for very large catchments with rainfall of 
the order mentioned ; the latter figure is for small catchments with 
very heavy rainfall confined to a short season. Clearly in the 
case of small catchments a knowledge of the shape of the catch- 
ment — for its length will greatly affect the time taken by the 
water to reach a given point — of its steepness, of its cultivated 
area, and of the intensity of the rainfall, will help in arriving 
at an intelligent estimate. In obtaining the average flow, and 
to some extent the minimum, of a small catchment comparison 
with a neighbouring area where the flow has been measured may 
be of great value, the relative areas, configurations, and rainfalls 
being approximately known. Naturally a small catchment area 
is subject to very great variations in flow ; for a heavy storm may 
sw'eep over the whole of it, just as a dry period affects the whole. 
To obtain reliable results it is of course far preferable to make 
actual measurements of the flow (§ 205) over as long a period as 
possible, for comparison with the rainfall from sufficient gauges 
in the catchment, and also for comparison with neighbouring 
catchments. The intervening watersheds may, however, affect the 
latter comparisons to no inconsiderable extent. In many countries 
regular gaugings have been taken for years in all promising catch- 
ments, either for ascertaining irrigation or power possibilities — 
the former generally on the larger rivers only. 

When large catchments are in question it is clear that excesses 
and defects of rainfall will generally serve to make the limits of 
flow less extreme, though this is less true in countries subject 
to monsoon rainfall than elsewhere. In such catchments the 
annual flow-oflT in India is found to vary between 29 and 47 7o of 
the total rainfall, except on the West coast where the rainfall is 
extraordinarily high. The whole question of the annual flow-off 
from a catchment is exhaustively discussed by Buckley in the 
work already cited. Where irrigation systems take off from large 
rivers the amount available below their headworks will naturally 
depend on the seasonal requirements, and the lower reaches 
may almost run dry ; where, on the other hand, large scale stor- 
age is a part of the irrigation project, the impounding and regula- 
tion .of flood waters may enable a far larger proporriqn of the total 
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annual flow to be utilised for power purposes on its way down 
than would happen with an untrained river. 

Until recently the intensity at which rain falls has not been 
readily ascertained except by an observer with a stop-watch. It 
is true that approximations can be obtained from the curves of 
some self-recording clock gauges, but the cost of these precludes 
their general use and they do not register short periods of extreme 
intensity with any accuracy. The fractionating rain gauge 
recently described by one of the authors * will give the daily rain- 
fall divided up into any required number of intensities, as 
accurately as the plain gauge gives the total, each fraction or 
intensity having its own collecting vessel. The principle employed 
is that of a fine jet with a number of leaping weirs. By an in- 
genious extension of the principle Mr. J. H. Field, of the Indian 
Meteorological Department, has also constructed a new type of 
recorder which, with a single tank collector, can be left for a whole 
season in a locality difficult of access and will then enable the total 
rainfall and the rates and times of fall to be tabulated with fair 
accuracy. The plain instrument has the advantage of being 
very cheap to construct, as the inventor has not patented it, and 
does not intend to do so. The device has been in use throughout 
a whole monsoon in Simla, recording rates up to 7 ins. per hour 
and amounts up to 5 ins. a day. 

205 . Discharge of Notches and Weirs. — A very full discus- 
sion of the various formulae for flow in open channels, which 
follow, as well as of those relating to the discharge over weirs and 
through sluices and syphons, will be found in Buckley’s Irriga- 
tion Pocket Booh ; while Garrett’s Hydraulic Tables and 
Diagrams for Practical Engineers gives in addition discharge 
curves to meet every case likely to arise. 

Triangular Notches , — For measuring small and variable dis- 
charges with accuracy the triangular notch is unequalled. The 
notch should be sharp-edged on the upstream side (or a thin plate 
of metal may be used) and in order to reduce the velocity of 
approach towards the weir the cross-section of the stream should 
be large in proportion to that at the notch. The general formula 

for a triangular notch is 

Q - (4/15) CB^2g X 

* ‘ An Automatic “ Intensity ” Rain Gauge without Clockwork,’ by J. W. 
Meares, M.Inst. C.E. ; paper No. 4 445, Inst, of Civil Engineers, 1923. 
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where Q represents cusecs, B is the breadth of the water flowing 
over the notch, and h the depth to the apex, both in feet. For a 
right-angled notch G = 0’59 and B = 2h so Q = 2'54i 

For example, take a depth of 6 in. or 0*5 ft. and the discharge will be 
Q = Q’54: X 0 * 52 *^ cusecs 
= 2*64: X *177 = ,0*45 cusecs 

= 27 cu. ft. per min. 

The above formula is also found in the form — 

Gallons per min. = 1*91 where h is ininches. In the same 
example this gives 168 gallons per min. which == 0*45 cusecs. 

The measurement of h is made a short distance upstream, so 
that the curvature over the fall does not vitiate the results ; and 
while a foot rule placed on a carefully levelled post is often used 
a hook gauge gives more accurate results. This device consists of 
a sharp-pointed hook attached by a raising screw to a calibrated 
scale, such that the top of the submerged hook, when first touch- 
ing the surface, indicates the depth A. In still water the moment 
when the upward moving hook breaks the surface can be judged 
with great accuracy ; and where the water surface is likely to be 
ruffled the device is placed inside a pipe with a very small orifice 
opening to the stream, which ensures still water. The device is 
equally applicable in the case of water measurements for steam 
boilers, and gives a high level of accuracy. 

Bectangular Weirs. — Where larger quantities of water have 
to be measured, sharp-edged rectangular weirs are used. These 
take two forms; first, where a straight weir is placed across 
the full width of a channel itself of rectangular section; and, 
second, where a complete rectangular notch, sharp-edged at both 
sides and bottom, is placed in a waterway of greater width, so 
that there are complete ‘ end contractions.' ' In the former case 
there will always be an appreciable velocity of approach, whereas 
in the latter this can generally be avoided. A further factor is 
that there should be a free drop below the weir; if the fall is 
submerged the discharge is decreased and requires different 
methods of calculation. 

The fundamental equation for the discharge over a weir is— 

Q = 0* 666 X c X I X h s/2gh = 5*35 

where Q = cusecs. 

I — length of weir, in ft. 
h — height of water above crest, in ft. 
c ~ a constant. 
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Taking an average value of 0* 618 for c and keeping h in feet, the 
formula simplifies to the formula given by Molesworth, viz . : — 

Q =■■ 3*31 X Z X 

while experimental values of c show that it varies from about 
0*58 where h is large in proportion to Z, and with complete end 
contractions, up to 0‘65 with low values of h and suppressed end 
contractions. For the practical purposes of this chapter the 
latter formula is quite accurate enough, both with or without end 
contractions, so long as there is a clear fall. 

For example, given a weir length of 5 ft. and a depth h oi ^ ins. or 0-5 ft., 
the discharge will be 

g = 3-31 X 5 X = 5-84 cusees. 

Weirs with Velocity of Approach. — Where, however, there 
is a considerable velocity of approach to the weir this is equivalent 
to an addition to the ‘ head ’ over and above that of still water. 

This additional head in feet, if, corresponds to JJ* = ^ where 

u is the velocity of approach in ft. per sec. This modifies the 
fundamental formula to 

g - 0- 666 X c X Z 

where the values of c are as already given. 

Thus with the same data as in the last example, but with a velocity of ap- 
proach of 6 ft. per sec. (taking the actual coefficient of 0* 611) = 36 / 64-4 = 0* 559 
and the discharge is 

g = 0- 666 X 0- 611 X 5 X 8-01{(0*5 + 0* 569)*‘^^ - 0 n cusees. 

Drowned Weirs . — When the surface of the tail waters is at a 
higher lever than the crest of the weir, so that the fall is to some 
extent submerged, the discharge is lowered ; in this case 

Q = cl sf^ghfh^ + Pi) 

where \ = the affiux, or the difference between the water levels up and down- 
stream of the weir, in ft. 

\ = the height of the water surface down-stream above the crest of the 
weir, in ft. 

c ~ a constant as before, of which 0*63 is the best average value for sharp- 
crested weirs. 

For example, keeping to a length of 5 ft. and a depth h of 0*5 ft., let the afflux, \ 
be 0*3 ft. so that the weir crest is drowned by = 0*2 ft. ; then 


Q = 0*63 X 5 X 0*3(0*2 - 1 - 1 x 0*3) = 6*65 cusees. 
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In fhe similar example above, with no velocity of approach, the result was 5*84 
cusecs with a constant of 0* 618, so that to correspond strictly the above answer 
would be 5*44 cusecs. For rough work, therefore, a moderate degree of drown- 
ing may be ignored without serious error. 

2o6. Discharge of Running Streams. — To ascertain tlie 
discharge of streams without using a weir, a fairly straight and 
level stretch must be found, and the channel made reasonably 
uniform for a certain distance (say from 25-100 ft.), according 
to the possibilities of the case. Careful cross-sections of the water 
are then made at the two extreme points and at several equal 
intervals between them, by measuring the depth at, say, 5 or 10 
points on each cross-section. If the stream is of uniform width 
a mean cross-section can be plotted, by taking the mean of all the 
measures of depth in the centre, and similarly of all the measures 
at each other gauge point in the width; from this section, or 
directly from the individual areas, the mean cross-sectional area is 
worked out, and this multiplied by the mean velocity gives the 
discharge. 

To ascertain the mean velocity floats are used. These should 
be put in some distance above the upper fixed point, and carefully 
timed in their passage over the selected length. Where the 
depth allows it, vertical floats, reaching almost to the bed-level, 
will give the mean velocity of the upper and lower surfaces near 
enough for practical purposes ; hut they should be sent down botli 
sides of the channel and the centre in order that the average may 
give a true mean value. It will be found difficult to ensure this, 
as the floats will seldom keep a straight course for more than 10 
ft. or so. Needless to say, if there are parts of the stream with 
no appreciable flow these should be omitted completely from both 
area and velocity calculations. Sometimes practically the whole 
flow is confined to a deep narrow channel in the centre or at the 
side. Where only surface floats can be used, the inean observed 
central surface velocity should be reduced by from 25 7^ up to 
50 7^ in very small streams with rough beds ; the actual factor by 
which the observed surface velocity should be multiplied is given 
in Table 31 (Unwin), according to the nature of the bed and the 
hydraulic mean depth {see B in Bazihs formula, § 210). 

In general the seasonal variations in these streams are so great 
that what is really wanted is the minimum value of the flow, 
preferably in a dry season following a previous dry season. 
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Table 31. — Multijoliers for Mean Velocity of Water. 


Hydraulio 
Mea^n Depth. 

Smooth 

Channels. 

Eough Channels. 
Enbble Masonry. 

Very Rough Channels. 
Channels in Earth. 

Channels Ob- 
structed with 
Detritus. 

0-25 

0*83 to 0-79 

0-69 

0-61 

0-42 

0-5 

0*84: „ 0*81 

0*74 

0-58 

0*5 

0-75 

0-84: „ 0-81 

0*76 

0-63 

0-55 

1 

0*85 

0*77 

0*65 

0'58 

2 

— 

0-79 

0*71 

0*64 

3 

— 

0*80 

0-73 

0*67 

5 



0-81 

0-76 

0*71 

10 

— 

0-82 

0-78 

0*74 

30 

— 

— 

— 

0*74 


207. Current Meters. — Instead of obtaining the mean velocity 
of a stream by means of floats and a coefficient, modern American 
practice favours the use of current meters, which are similar to 
anemometers in design. These, when properly calibrated, give 
the actual velocity of flow at any point where they are used, with 
a very small error. In regular channels of reasonable depth very 
accurate results can be obtained by this means ; the point of 
maximum velocity will then be on the centre line of the stream 
and at about one-quarter of the depth, and the proper coefficient 
can be applied to this maximum. It is higher than the surface 
velocity, and Grunsky ^ gives the coefficients shown in Table 32, 
where W ! d is the width divided by the average depth of the 
stream. 


Table 32. — Grunsicy's Coefficients. 


W'l d. 

Coefficient. 

6 

1*01 

10 

0*97 

15 

0*94 

20 

0*92 

30 

• 0*89 

40 

0*87 

50 

0*85 

100 or more 

0*82 


* Trans. Am. Soc. C.E., Yol. 66, p. 123. 
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The mean velocity in such regular channels is found on the 
centre line, and at about two- thirds of the depth. It is preferable 
however, to take readings at a number of points and obtain the 
mean in that way. With irregular water courses the latter 
method is essential. In turbulent water the current meter is apt 
to give velocities and final results which are too high, sometimes 
to the extent of even 15 or 20 7o rivers ; but in the like 

conditions float measurements will be equally inaccurate. Great 
care is needed in taking measurements by the current meter, as 
its axis must be kept correctly at right angles to the flow. In 
taking readings at, say, 10 points on the cross-section two 
methods are in vogue. In the one, the meter is slowly lowered 
at each point on the cross-section, at a uniform rate, allowed to 
remain for I min. at the lowest point, and then slowly raised 
again. This gives a summation of the velocities on that vertical 
line. By the second method, readings are taken at 1/5 and 4/5 
of the depth at each point and the mean result is taken as the 
mean for that point. For counting the revolutions of the vane 
accoustic arrangements, either mechanical or electrical, are pre- 
ferable to visual observation and are generally used. For pur- 
poses of calibration, the meter is drawn through still water at a 
uniform rate. 

2o8, Water Level Recorders and Hydrographs. — Where- 
ever it is desirable to know the discharge of a river under very 
variable conditions, arrangements are made for observing or 
recording the height of the water at a point where careful cross- 
sections have been made. By means of actual gauging by one or 
other of the methods described the discharge is then calculated 
for various heights of water and a ^ discharge curve ’ is plotted, 
with gauge heights as abscissae and discharges as ordinates. 
Having established a correlation between the two, intermediate 
discharges can be read off the curve ; and if the cross-section is 
measured for flood levels rising above the curve the latter enables 
a fair estimate to be made of the extraordinary discharges. 
Where it is not possible to have an observer always on the spot, 
an automatic ‘ water stage recorder ' can be installed. In this the 
height is taken by means of a float in a still- water well connected 
to the river, and the results are recorded on a roll of record paper 
on a continuously revolving drum. The drum is actuated by a 
heavy weight and continuous records can be obtained up to six 

.^^10 
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months without attention, provided that the apparatus cannot 
he damaged by wild animals or interfered with by inquisitive 
visitors. Tims not only the maximum and minimum discharge 
and the discharge at any particular time can be determined, but 
also the total discharge over the whole or any shorter period. 
Where storage is involved this is of the utmost importance. The 
daily discharges in cusecs can also be plotted in the form of a 
hydrograph and, where the working head is known, power can 
be substituted for flow ; similarly, the storage can be plotted in 
the form of horse-power hours. 

209. Mass Curves. — ^If the rate of daily discharge of a river 
be known and recorded on a hydrograph or in tables a ‘mass 
curve ’ of the river can be con- 
structed. In this the abscissae 
represent time, in days or weeks, 
and the ordinates represent the 
total cumulative amount of water 
that has passed the gauge. 

Reducing matters to a simplicity 
which would not occur in practice, let it 
be assumed, for example, that a mass 
curve is constructed to begin on a certain 
date and that the discharge remains 
steadily at 100 cusecs for a week (Fig. i&), 
or that the mean discharge works out at 
this. Then at the end of that week practi- 
cally 60 000 000 cu. ft. will have passed. 

If the discharge then rose to 150 cusecs 
and so remained for the next week a further 90 000 000 cu. ft. will pass and the 
total at the end of the second week will be 150 000 000 ; and so on. If the flow 
at any time practically ceased, as may happen in dry or monsoon countries, the 
curve would run horizontally for that time. 

These curves are used in connection with storage projects, and 
weekly or even monthly averages are generally sufficient in 
plotting them ; the slope of the curve at any point gives the rate 
of flow at that time ; and the total flow up to any point, divided 
by the period in which it has flowed, gives the average rate of 
flow over that period. Clearly if the demand is greater than the 
supply at any time the balance must be taken from what has been 
stored Where the mass curve has the most nearly horizontal 
slope the inflow is least ; and this represents the greatest possible 
continuous power demand without storage. If the draft curve. 



Fig. 48. — Mass curve for hypothetical 
stream. 
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or line representing the average water drawn off, is plotted on 
the same paper with the mass curve the intervals between the 
two show when, and to what extent, the reservoir is being filled 
or emptied as the case may be. 

The area and useful capacity of the reservoir in any particular 
case may be known ; or it may be designed to meet the conditions 
disclosed by tlie mass curve. Similarly the amount of water 
drawn off from the reservoir for power may be known oi‘ the 
maximum which can safely be drawn off (allowance being made 
for evaporation) can be calculated from the readings of the curve. 
Thus the capacity of the stream, in conjunction with the storage 
for power purposes, can be fully investigated at the beginning ; 
and the working conditions at any subsequent time can be ob- 
tained from the curves of inflow and outflow and the balance of 
useful water stored. 

210. Bazin’s Formula. — As a check on results obtained as 
in § 206, Bazin’s formula may be applied to ascertain the mean 
velocity, namely: V = c^BS. 

Where R = the hydraulic mean depth, or the area of cross-section of water- 
way divided by the wetted perimeter, i.e. the length of the 
wetted border in lineal feet ; these factors can both be obtained 
from the cross-section. 

S = the sine of the angle of inclination of the water surface, or the 
fall of that surface in a unit of length, 
c = a coefficient, found from the formula c = 157*6 / (1 + w. / /JR], 
the values of m being dependent on the nature of the channel, 
as in Table 33. 

Table 33. — Values of m in Bazin's Formula. 


Nature of Channel. 

Value of w in 
Bazin’s Formula, 

Very smooth. Smooth cement, planed timber .... 

0* 109 

Smooth. Planks, ashlar, bricks 

0*29 

Rough. Rubble masonry 

0*83 

Rcnigher. Earth newly dressed or pitched whole or part with 
stones 

1*54 

Very rough. Ordinary earth channels 

2-36 

Excessively rough. Channels encumbered with weeds and boulders 

3*17 


The slope in this case must be determined by precise levelling : 
and the converse case, where the slope of an artificial channel is 
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to be found from the remaining known factors, is the more usual ! 

application of the formula. j 

From a comparison of a number of formulae quoted by Buckley S 

{Irrigation Pocket Book), it would appear that the results given ! 

by Bazin's formula ai-e decidedly low for small values of the 
hydraulic mean depth. A recent writer has suggested as a value 
for the coefBcient above, c — ! 

21 1. Size of Open Channel or Flume. — Bazin’s formula in 
the preceding paragraph may be applied to the calculation of the 

size of an open channel for carrying a given quantity of water I 

from a stream. 

Por example, suppose 20 cusecs are to be carried along a square or trapezoidal . 

channel. Assume provisionally that a mean velocity of about ft. per sec. will 
be used and the area of the cross-section must then be about 5f sq. ft. to give I 

the required discharge. If the flume is rectangular in section and 3 ft. wide the j 

depth of water will then he 1*9 ft. ; the actual flume must of course be higher than | 

this, as a margin against overflow is necessary. \ 

The wetted perimeter will be 3 + 1*9 + 1*9 — 6*8 ft. I 

The hydraulic mean depth, B, will be 5*7 / 6*8 = 0*84:. j 

If the flume is lined with cement the coefficient m will be 0* 109 ; and the | 

value of c will be 157*6 / [1 + (0* 109 / ^/O^) = 141]. ] 

At this stage, if either the slope of the channel or the mean velocity is known, ‘ 

the other can be found. I 

Thus, keeping the velocity 3*5 ft. per sec., we have — | 

V = cJBS ; .*. JS = u / CfJB and S ~ {v jcJBf, 

Le. S = (3*5 / 141 x 0* 918)2 = 0* 000 74 or, say, 1 in 1 400. I 

If the slope is given as 1 in 1 000, then — ; 

V = 141 = 141J0*84 X 0* 001 = 4'09 ft. per sec. ! 

212. Manning’s Formula. — As a further check on the results | 

obtained by Bazin’s formula, whether used for calculating a dis- I 

charge or for designing a flume or channel. Manning’s formula 

may be employed, with the coefficients given in Table 34, viz : — 

v= (Vmhi) 

or, S = vV 1 2* 208^ 

Taking the same example as in the last paragraph, vi 2 . to find the velocity 
when the slope is 1 in 1 OOO, the coefficient of roughness n is 0*01 for smooth 
cemented surfaces and the velocity 

V = (1-486/ 0-01) X lyO’ m X x/0^1 = 148*6 x 0*89 x 0*032 = 4*23 ft. per sec. 

213. Discharge of Sluices. — Where water flows through a 
synall rectangular orifice with a free fall, and with a very low 
velocity of approach, the mean velocity through the orifice is 
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Table 34. — Values of n in Manning’s ^ 


Nature of Channel. 


Twr fs/f i f s ■' '' 


Smooth cement 

Unplaned timber 

Well -laid brickwork 

Rough brickwork ....... 

Ditto, in inferior condition 

Rubble masonry. Coarse brickwork 

Canals in earth, and rivers according to condition 

Ditto, obstructed by detritus 

Torrents encumbered writh detritus 


t! i u ; 


* i * ^ , 
« L L! j 


A 4 ' * ■} ; U 


I r I 
% i '* rj 


O' 


about ft. per sec., where H is the head in fcc?t# ^ » 

of the orifice; this expression is deduced from th^* t 
formula V == G^{^gH)y the mean value of C ivt 

0 * 625 . The discharge in cu. ft. per sec. is then fclK? ^4 f Ii» 

orifice x the mean velocity. If there is appreciii^ J i r |*# ity 
of approach, a less simple formula is required. If t l i»" 
submerged, the above relations hold good where II 
ence in height between the head and tail waters. 

Where the head is small in comparison with - I tip 

orifice, the coefficient 5 in the mean velocity forrmibi. , 

it may even be as high as 8 in some cases. The 
in such cases may be taken as 


V = 3*3 X 


A - A 


h, - K ' ^ 

where \ is the head, in ft., at the top of thcs t fp 
An ,, ,, ,, ,, bottom ,, , , 


214. Water Turbines in General. — For low na-dinp. 

heads, pressure or reaction turbines are used, in whic*I* tJt ,1 |.. 1 
tion of the pressure and potential energy of the t i- ^ 

formed into velocity and kinetic energy in the guide fi| |f ir f b. 

remainder being transformed in the turbine wh<M4. fn 
wheels the water is admitted round the whole pei*i| #1.;. 1^, , f i|,. 
runner, at a speed lower than the spouting velocity d ii*- t i i 1 n, ,^4 
The speed can be varied within wide limits accordin|^ I * # ? 1 ^ 

of the runner. The Francis turbine is themodem siir*\^i .i- * -f m.wsi 

types. The water may pass either radially inwards ♦ ^ 




English Electric Co.^ Ltd. 


A Low-Hkad FiuNCis-TrPE Eukner. 

The runner illustrated is 10 ft. iu diameter and weighs about 5J tons. It 
absorbs 83 000 cii. ft. per min. under a head of 8’8 ft., aud has a specific speed of 
81 (Britisli units) ; the power developed is 430 B.H.P. The plates are of thin sheet 
steel so as to give a large passage for the water and, in order to reduce the frictional 
losses to a minimum, they are ground and polished before being cast into the top 
and bottom rings. The edges of the blades are chamfered to reduce the losses due 
to shock at entrance. 


[To face p. 314. 



Kmjliah Elcctrio Co.j Ltd. 

Buckets and Fastenings op a Pelton-Tvpe iMPiTiiSH Whi-jhl. 

In the construction illustrated one holt and one key hold oac.li of the east-steel 
buckets to the cast steel disc. The bolt carries the shear stresses, a,iid the key hears 
the compression stresses. The holt is tapered and fits inside a hiisli which is 
cylindrical outside and tapered inside. The hush and bolt are both providcid with 
nuts, and the bush is split throughout its length, oxcejit at the threaded portion. 
On tightening the nuts, the bolt causes the bush to expand, and the locking washers 
are then bent over the lugs of the bucket and the faces of the nuts. The back of 
every alternate bucket bears against a fixed key dovetailed into and welded on to 
the disc. The two buckets between consecutive fixed keys are tiglitened by a pair 
of oppositely-tapered keys which, when driven home, are bent over on to the face 
of the disc thus forming, in effect, a single key. 


[To face p- 315. 
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Bushmore and Lof define the specific speed as ‘ the number of revolutions per 
minute at the point of maximum efficiency that a homologous or geometrically 
similar wheel would give if it were to deliver 1 H.P. under unit head ’ — Hydro- 
Electric Power Stations (Wiley). 

The specific speed should be as high as is practicable in 
reaction wheels working on low, and especially on variable low 
heads. Assuming a constant head and a wheel in which all 
parts and passages are of exactly the same relative proportions 
the velocity of the water will remain constant ; in which case the 
quantity of water and the H.P. developed will vary as tlie square 
of the diameter, D, of the runner and the r.p.m. will vary as 
1 / D, whether the unit head h is taken as 1 ft. or as 1 metre : — 

Specific speed = r.p.m. x 

If the head is expressed in metres ft. / 3*28) and the power in 
metric H.P. (= 0* 986 British H.P.) the formula is of course un- 
changed, so the results expressed in metric specific speed are 
larger; thus; — 

Metric specific speed = 4*38 x British specific speed. 

British „ ,, = 0* 228 x Metric ,, „ 

With more than one runner or nozzle the H.P. of a single one 
should be used. Pelton wheels have comparatively low specific 
speeds, varying from as low as.l up to 6^ or 7 (British). 

Thus in a particular instance, the head is 550 ft. and the 500 H.P. Polton 
wheels work at 500 r.p.m. This gives 

Specific speed — 500 x ^ySOO 1650^'*. 

But 5505« = 550 = 2 660 

So specific speed = 500 x 23*7/2 660 = 4*45 in British units = 4*38 x 4*45 = 
19*5 in metric units. 

On the other hand, Francis wheels have much higher specific 
speeds, varying from as low as 20-30, on comparatively high 
heads of 400 ft. or more, up to several hundreds on very low 
heads. Efliciencies of 90 7o have been obtained at all values from 
25-90. 

Thus a 500 H.P. reaction wheel working at 500 r.p.m. on a 50-ft. head would 
have a specific speed of 500 x J50b / 60'Y = 84*1 or, in metric units, 368. 

If any catalogue of small turbines is examined it will generally 
be found that the whole of the wheels in one series have the same 
specific speed, which is generally not stated in the case of British 
manufacturers. 
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Amongst recent advances the Kaplan and the Nagler wheels 
have specitic speeds double those of other existing types, while 
further advances are foreshadowed (up to 1 600 metric), the 
efficiency in the former rising as high as 86 7o-* 

In the utilisation of low and variable heads these new runners 
should prove invaluable if performance under ordinary conditions 
confirms test results. As a high specific speed corresponds to a 
high actual speed in r.p.in. the size of direct coupled generators 
can be reduced, or direct coupling used where a geared drive would 
otherwise be necessary. 

216. Cost of Water-power Plants. — It is diflScult to give 
any reliable estimates of the cost of water-power development, as 
no two undertakings are alike. In a table given by Dawson, the 
pre-war capital outlay per H.P. ranges from £3 10s. to £84. 
Table 35 gives the capital cost {pre-war) of a number of hydro- 
electric developments in the East ; the figures represent the total 
cost per kW capacity of everything up to the power station end 
of the transmission line.f Developments in mountainous country 
with heavy rainfall are generally subject to additional expense on 
account of landslips, where the ground has been cut away for 
open channels, etc. A substantial percentage should invariably 
be added to allow for this costly contingency. The prices of 
turbines given in makers’ catalogues are useful as a general guide, 
but the turbine is a comparatively small item in the total cost, 
especially on high falls where a simple impulse wheel is used. 
In 1918, Engineering (Jan, 25, 1918, p. 100) gave as an ap- 
proximation for wheels alone : — 

For low heads, up to 25 ft., £4 per H.P. 

„ high ,, ,, ,, 500 „ £1 „ „ 

but present-day (1923) prices are still well above these limits. 
The capital cost of a hydro-electric scheme is generally high com- 
pared with that of a steam or oil-driven plant ; but the working 
expenses are lower and almost independent of the load {cf. § 194). 

When any particular scheme has been designed, quotations 

* See also Science Abstracts, Sect. B., Vol.'23, p. 332; Vol. 25, pp. 88, 229 ; 
and El, liev., Yol. 86, p. 466. 

tThe pre-war capital cost of hydraulic construction up to and at the power 
site, and of the power station and equipment averaged £14*40 in 70 representative 
Canadian hydro-electric stations, aggregating about 750 000 H.P. [El. Wld., 
July 31, 1920, p. 230). 


Ql 7 


2i6 electrical engineering practice 


Table 35 . — Approximate Capital Cost of some Indian Hijdro- 
Electric Developments. 



Plant 

Approximate 

Short Description. 

Head in Feet. 

Capacity. 

Capital Cost 


kW. 

per kW. 


High heads — 


£ 

Small average flow ; large storage ; no 

.30 000 

25 


1 


open channels. 

1 000 to 1 800 . 

{ 2 000 

30 

Small average flow ; large storage ; 


1 


open channel. 


500 ' 

66 

Small average flow ; small storage ; no 




open channels. 


r 800 

66 \ 

Moderate average flow ; small storage ; 

500 to 1000 

I 500 

62 j 

open channel. 

1 500 

30 \ 

Small average flow ; large storage ; no 


[ 50 

73 / 

open channels. 

Medium heads — 

-a 

§88 
o o o 

37 ^ 

53 J 



250 to 500 


Large average flow ; no storage ; open 
channel. 


800 

39 1 

1 

Small average flow ; small storage 


1 150 

49 J 

r 

open channel. 

Low heads — 

r 500 

60 ] 



6 to 30 

J 450 

1 250 

20 1 
42 

t 

r 

Canal falls. 


[ 200 

100 J 




should he obtained from manufacturers or their agents for the 
turbines, generators, and regulating gear ; the price {pre-war) 
may be anywhere between about £5 and £10 per kW, being 
higher for small sets and also for low heads. To this freight, 
carriage and erection must be added. High-class governors vary 
from £100-£300 each {pre-war)^ according to size and power. 
When estimating for buildings (§ 195), it must be remembered 
that plenty of space is essential, and that there must be ample 
head room for an overhead travelling crane to erect or dismantle 
the sets. Concrete work is always a heavy item, and must be 
carefully taken out in quantities ; foundations, head and tail 
races, pentrough, sand traps, reservoirs, channels, etc., vary in- 
finitely. The cost of the pipes and their freight and carriage to 
site can be estimated by the weight and cost per ton of steel 
work for the time being, and the ruling freights and cost of 
carriage; for size and thickness, see §§ 247, 248. Specials may 
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amount to atout 10 7o ©xtra on the totals. The cost of juakin^^ 
the pipe line and anchorages and erecting the pipes muHt b(‘. 
added, and no general figures for this can be given. 

217. Economics of Steam and Water-Power.— In all cases 
of water-power large capital expenditure is neceasaiy on the 
hydraulic development ; furthermore, as water-power must he 
developed where it is found, a long transmission line is often 
necessary. For these reasons the total cost of construction is 
almost invariably higher than that of a steam-driven plant of the 
same capacity; and the annual capital charges for interest an<l 
depreciation are correspondingly higher. 

Against this may be set the fact that the running costs of such 
a station are relatively low, as no fuel is involved. '^Phe total 
cost of running does not depend to any appreciable extent on 
whether the plant is fully or only lightly loaded ; it is practically 
a fixed sum per annum ; so that the cost per unit (kWh) is 
practically proportional to the total number of units genei*ated. 

With fuel-consuming stations every extra unit generated involves 
the consumption of a definite amount of fuel with a definite cost ; 
and while the total cost idses with the number of units generated 
and the cost per unit falls somewhat, the latter cost is l)y no 
means proportional to the total units. In any particular case, 
therefore, the practicability of a hydro-electric scheme (h3p(inds on 
the cost of fuel in the locality where the power is wanted. 

To take an example, assume a plant of 5 000 kW capacity is required at a 
certa»in place, where sufficient water-power exists within transmission distanco, 
and that the total cost of the hydro-electric soheme and transmiBHion lino te 
£500 000. Taking interest and depreciation together at 10 the annual cost oti ? 

ftiis account will be £50 000. Let the cost of a steam plant of the same capacity, \ 

built; where the power is actually needed, be assumed to bo dBldO 000 with similar | 

annual capital charges of £15 OOO. l^ow, if for simplicity it bo assumed that the I 

annual charges for wages, stores, repairs, and supervision are the same in both i 

cases (an assumption near enough to the truth) there will be the difference V>c- 
tween £50 OOO and £15 000 or £85 000 to set off against the cost of fuel for steam 
raising. Under the ideal conditions of large electro-chemical works this plant, 
allowing 1 OOO kW to be kept for spare, and, therefore, 4 000 kW for work, would 
generate about 28 000 000 kWh per annum (with 80 7o factor, § 261). Under 
ordinary industrial conditions the output would be less than half ttiis, or, say, ' 

12 OOO 000 kWh per annum. Clearly, therefore, not only the cost of coal but * 

also the load factor of the plant or the ratio of its actual to its possible output is ' 

of immense importance. If it is assumed that the low amount of only 2 lbs. of ■ 

coal will be required per unit, with modern plant of large sisse, the consumption 
would be 25 OOO tons for 28 OOO OOO kWh, and 10 700 tons for 12 OOO tX)0 kWh. ' 

A.S the amount available to make the costs just balance out between steam and i 
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water-power is £35 000, it follows that with the larger output, coal at £i-40 per 
ton would absorb this amount, while with the smaller output the figure would be 
nearly £3*27. From this example it will be inferred that as the load factor rises 
towards the ideal limit the advantage of hydro-electric power increases. Bearing 
in mind the vast rise in the cost of fuel at the present day the example is full of 
significance. 

An interesting sidelight on the above discussion is also worthy 
of mention. The inexperienced financier is notoriously apt to 
look at present capital expenditure, and neglect to take into con- 
sideration future recurring costs ; consequently, he often accepts 
the lowest tender to his ultimate detriment. 

For instance, in the above example, it is assumed that a steam plant of 
5 000 kW total capacity cost £150 000 and requires 2 lbs. of coal per unit. On 
the two total outputs assumed, the consumption of coal on this basis is 25 000 and 
10 700 tons per annum. Would it pay to accept a tender of £120 000 for cheaper 
plant of the same output if the fuel consumption were then instead of 2 lbs. 
per kWh ? The extra fuel used would amount to 6 250 and 2 675 tons in the 
two cases. Taking 10 ®/o capital cost saved by accepting the lower tender, 

the annual saving is £3 000 ; the extra fuel used, even at £1 per ton, comes to 
about £6 000 with the large output of units and to about £2 700 with the lower 
output. 

Thus with very cheap fuel and a ‘ bad load ’ it sometimes 
pays to buy comparatively uneconomical plant ; but with expen- 
sive fuel and a good load factor never. If the cost of fuel assumed 
were £2 instead of £1 the more expensive plant would prove the 
cheaper on either the large or the small load in the example given. 
Much money has been wasted, and much disappointment caused, 
by the neglect of these principles. 

In the matter of load factor an interesting contrast may be 
drawn between steam and water. No matter how ideal the cou-^i 
ditions may be, every unit sold from a steam station costs a 
definite sum in fuel ; and, therefore, even though some of the 
plant may be idle, there is an absolute limit to the charge per kWh 
below which sales would result in loss. Paradoxical though it 
may seem in view of all other commercial transactions, there is 
often practically no such limit in the case of a hydro-electric 
station : an exception being where the whole of the available 
energy can be sold without difficulty, owing to limitations of the 
available water. The total working costs are not aflfected by the 
generation and sale of additional units. Therefore, when all the 
load has been obtained that is iii sight, at normal tariff rates, extra 
sales at any price will pay so long as they do not involve an 
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increase in the size of the plant. They bring in money without 
involving any expenditure. 

For example, assume for simplicity, that a hydro-electric plant with a working 
capacity of 4 000 kW actually had this load during the whole working day from 
6 A.M. till 6 P.M., but that for the remaining 12 hrs. its average load was only 
1 000 kW, the average generating cost of a unit being ^d. under these conditions. 
If there were no prospect of obtaining work for the idle plant during these night 
hours on the ordinary tariffs it would pay to take on consumers at 0*3, or 0*2, or 
even 0*ld. per unit provided they were restricted to the use of power at night only.* 
Their additional consumption would bring down the average cost of a unit ; thus, 
if night- working factories were started, using the whole available 3 000 kW, the 
average cost would be reduced from 0*5 to about 0*3d. per kWh ; but in order to 
get the extra revenue it would pay to supply this factory at a far lower figure than 
the reduced average. It is, in fact, constantly done in actual commercial under- 
takings. 

In considering the value of sites for industrial manufacturing 
work, one of the first points to consider is undoubtedly that of 
freight and carriage; for it has a triple application. In the first 
place, the raw material must be brought to the site, unless already 
on it ; secondly, the finished product must be taken to its market ; 
thirdly, the plant must be delivered at the power house. Cases 
are known where the carriage of plant over twenty miles of 
mountain roads abroad cost more than its freight from the land 
of manufacture to the railway terminus. Cheap power is useless 
if the saving is swallowed up in expensive freight. In order to 
get the plant to the power house there must be a road, and this 
road will generally he built so as to afford a suitable track for a 
railway. In the case of water-power from mountainous country 
there may he insuperable difficulties of ground or cost in laying 
out a railway to the site, though the plant can be transported 
there. Even if these difficulties do not exist, if the raw material 
of the industry is within the limits of transmission it will prob- 
ably prove cheaper to erect a long transmission line rather than 
a railway, which may use more power than will be lost in trans- 
mission. It is simply a question of estimating which method 
gives the cheapest finished product. Either the material can be 
brought to the power house ; or the power to the factory ; or a 
combination of both methods may be the best. 

Bibliography . — See § 258. 


* It is sissumed, as stated above, that there is sufficient water for continuous 
working at the higher output. 
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CHAPTEE 9. 


WATER-POWER {contd.y. DEVELOPMENTS ON LOW 
AND MEDIUM HEADS. 

218. Canal Falls. — Low-head hydro-electric installations are 
generally found either on irrigation canal falls or on rapids in 
rivers. In the ease of canals the fall has generally been con- 
structed primarily to alter the alignment of the canal from a 
higher to a lower level where the natural slope of the ground 
made this necessary ; usually therefore the fall is fixed in height, 
subject to the variations due to the actual flow and to the rise of 
the tail waters. In these cases a power station can either be 
built across the canal itself or can be constructed at the side and 
connected by short diversions to the head and tail waters. The 
majority of such canals have falls of from 3-10 ft. or so, and 
turbines of the ' open-penstock ' type, fixed on foundations in the 
water passage itself, are often used, the draft tubes either passing 
under the power house or discharging into a tail race tunnel 
which passes under the same. 

On very low heads the width of the waterway may be in- 
sufficient to accommodate the wheels for developing the full 
power ; if so, a short length of subsidiary canal can be constructed 
parallel to the main one, either on the upper or the lower level, 
and the power station built along the island between. In this 
way any length can be obtained to suit the number of generating 
sets. The subsidiary canal may be designed as a head race, 
taking off above the fall, in which case the tail waters discharge 
into the main canal ; or the head race may be the canal itself, in 
which case the low level subsidiary canal tails the water back 
lower down. 

Where two canal falls occur within a comparatively short 
distance it will probably pay to combine them into one. This 
may be done by a subsidiary head race or tail race canal, as 
above, or by a combination of the two. More rarely it is possible 

.^ 9 . 9 . 
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either to raise the banks on the intervening stretch, so as to bring 
the whole fall to the lower point, or to lower the same and bring 
the whole fall to the upper point. The various methods are a 
matter of comparative capital costs. 

Occasionally sites are found on irrigation systems where (as 
in the triple canal system of the Punjab) a canal takes off from 
one river and discharges into another, from which it is tapped 
again at some lower point. In such cases there may be a much 
more considerable fall, and the open-penstock system is replaced 
by a pipe system (§ 224). 

A disadvantage of utilising canal falls is their liability to 
closure for annual repairs or because irrigation water is not 
required in the particular section involved. Continuity of supply 
is generally essential, so steam or oil reserve plant may be neces- 
sary, and it then becomes a question of estimates whether the 
double outlay is justified. 

219. Low-head River Developments. — Probably the com- 
monest form of hydro-electric development is where rapids on a 
river are concentrated into a single low fall by means of a ‘ lifting 
dam.’ A good example of this form is found above Noted den in 
Norway, where there is a series of dams converting what was 
once a mighty torrent into a series of lakes, each delivering its 
quota of power from a power station at the artificial fall. In 
this particular instance there is the additional advantage, seldom 
obtainable, of a series of extensive natural lakes higher up in 
which the excess water from the mountains can be stored and 
regulated exactly as required. 

Lifting dams vary from a few feet in height up to 100 ft. or 
more, according to the nature of the ground, and they may be of 
the gravity or arched type or hollow dams of reinforced concrete. 
The turbines are often placed in the dam itself, the water entering 
and discharging through it ; with hollow dams the whole power 
house may be contained inside it. More often, the power station 
will be below ^he dam, the turbines being fed by pipes on the 
bank. Sometimes a short canal may even be necessary, leading 
to a forebay from which the turbines are supplied ; especially, as 
mentioned in the preceding paragraph, where there would other- 
wise not be room for all the wheels. Yet again, there are in- 
stances where a tunnel has been made through the rock at the 
side and used (lined or not lined) in place of a pipe line. 

ono 
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In the case of low lifting dams, the storage above the dam is 
seldom sufficient to cope with more than the hour to hour varia- 
tions of demand ; if the water is drawn off faster than it flows in, 
the head is lowered and the capacity of the plant diminished. 
On medium heads (§ 225) this may be permissible. With low 
dams the surplus water is generally discharged over the crest of 
the dam itself. Arrangements have to be made for preventing 
debris, and especially floating timber, from entering the wheels 
in an ’open-penstock setting, or the pipes where these are used. 
In cold climates elaborate arrangements also have to be made for 
preventing ice from blocking up the water way or even forming 
in the wheels themselves. Both steam pipes and electrically 
heated grids have been employed for the purpose. Where timber 
flotation is carried on, or ice is found, it is desirable, if the lay- 
out admits it, to take off the water at right angles to the river ; 
it is then easier to deflect the floating matter by means of booms 
and gratings so that the forebay is kept clear, but even so addi- 
tional and finer screens are necessary to protect the intake to the 
wheels. 

220. General Design of Low-fall Plants. — The head of 
water available in a low-fall plant is the vertical distance between 
the head and tail waters immediately above and below the wheel 
when running on full load; both the pressure head and the 
suction of a draft tube being utilised. On a fall of 8 ft. every 
inch represents 1 7oj so it is necessary to ensure full size for both 
the head race and the tail race unless power is to be sacrificed ; 
the velocity in these channels should not exceed 2 ft. per sec. 
If the depth of water over the turbine is insufficient, there is a 
danger of drawing in air and destroying the suction ; about 5 ft. 
should be allowed when possible. A serious difficulty in low- 
head plants is the reduction in the working head which occurs 
from the backing-up of the tail waters in times of flood. In the 
Moody ejector turbine there is a connection from the water behind 
the dam to the draft tube, with gate control. When the head is 
reduced, water under the full head is thus allowed to enter the 
draft tube, increasing the velocity in it and compensating for 
the reduction due to change of level* The depression below the 
‘ standing wave ' has also been utilised for the same purpose of 


* Science Abstracts, B, 453 (1922) and 749 (1922). 
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Metropolitan-Vickers Electrical Co., Lid. 


Bpjlow- Falls View op Baanaasposs Low-Head Power House and Dam. i» 

This 72 000 kV A station is arranged to utilise a minimum flow of 11 300 cusecs. 4 

For seven or eight months of the year the flow is 17 700 cusecs, and during floods I 

it reaches 128 000 cusecs. The head on the turbines is 42ii- ft. Water from the | 

turbines passes under the power house. “ * 





General View op Tyssefaldbnb High-Fall Power House and Pipe- Line. 


This 117 000 kVA station utilises water from the 390 000 000 cu. yd. storage in 
Lake Eingadalsvand. The net head at the turbines is 1 260 ft. and, when this 
photograph was taken, there were four pipe lines, two feeding the turbines of seven 
4 100 kVA generators, and two feeding the turbines of five 12 000 kVA sets. A fifth 
pipe, of 67 in., 59 in. and 49 in. inside diameters, feeds two 14 000 kVA sets. 

[To face p. 324. 




Met 7 \)])oUtar{~ViclMvs Eledrical Cu., Ltd. 

Abovk-Falls View op Raanaasposs Low-Hkad Station. 

The dam is divided into sections for regulating the river. There is an outlet for 
ice nearest the power house. Sluices, .with sluice gates at the bottom of the dam, can 
take the whole flow during the winter if necessary. The sector regulating gates are 
not used during the winter and are protected against ice by wooden needle gates. 

There is a tubular gate in the dam at the end oirposite from the power house. 


Metr02)oUtan--Vick{‘rH ElectrlatL Ok, Ltd. 

Intake op the Pipe Lines Serving Tyssepaldene High-Pall Station. 

Water is brought to tliis intake from the storage lake by two parallel tunnels, 
each 3 700 yds. long and 97 sq. ft. in cross-section, cut through tlie mountain. Each 
turbine is arranged so that it can take water from either of two main pipes. Tliere 
is a main sluice valve at the top of each pipe, and flap valves are also fitted which, in 
case ef emergency, can be operated by push buttons iu the power house. 

[To face 2 ^. 325. 
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compensation.* Both vertical and horizontal reaction wheels are 
used, and for very low falls they are generally placed directly in 
an open penstock or flume, and not cased in at all. The use of 
automatic generating stations to make profitable the utilisation 
of small streams with variable flow has been mentioned in § 187. 

221. Low-fall Turbines and Regulation. — As already stated, 
the Francis type of wheel is mainly used on low falls, often with 
an open-penstock setting, up to heads of 60 or 70 ft. Frequently 
two or four runners are used on a single shaft, both with hori- 
zontal and vertical wheels, and even eight runners have been used 
on a horizontal turbine of this type ; the number is determined 
by the power required, as on low heads the size of a single runner 
soon reaches practicable limits. The regulation of the entry of 
water is effected by gates actuated by the governor, and as 
lubrication can only be carried out when the wheel pit is emptied 
there is always a possibility of the mechanism sticking. The 
gates may be of three types, viz. : ‘a cylinder gate moving parallel 
with the shaft ; a ^ register ’ gate, revolving so that the passages 
in it may be made to correspond or otherwise with fixed openings ; 
or a pivoted series of wicket gates, actuated by a ring and crank 
so as to increase or decrease the water way. 

222. Power on Low Heads ; Water Used ; Speed. —Owing 
to the low speed of turbines under very low heads, an indirect 
drive is always necessary, as the cost of direct-coupled generators 
would be prohibitive. We have then (§ 201) — 

kW = Cusecs X Head / 15*5, 

so that, for a 7 or 8 ft. head, the kW output will be about half 
the number of cusecs. Dealing with such a great volume of water 
as this means a large expenditure on excavations and foundations. 
According to the design of the blades, a considerable variety of 
speeds is possible without reducing the efficiency ; for particulars 
of speed and output, manufacturers’ catalogues must be consulted. 
In order to obtain a higher speed for a given output, double or 
quadruple wheels, mounted on a single shaft, are often used ; the 
smaller diameter, with the same peripheral speed, gives a greater 
number of revolutions per minute. 

223. Variable Heads. — In the case of low falls the working 


Professor Gibson in El. Bev., Vol. 91, Nov. 17, 1922. 
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head often varies considerably. If the available quantity of 
water is much in excess o£ the demand, it may be convenient so 
to arrange the head and tail channels as to work always on the 
minimum head, the excess of head (when present) being sacrificed. 
This is not difficult to arrange in the diversion channels, by means 
of an adjustable weir in both head race and tail races. If the 
whole of the available power can be utilised, according to the 
head for the time being, then (a) the output of a given turbine 
varies directly as the square root of the cube of the head^ (6) the 
normal speed varies directly as the square root of the head, and 
(c) the quantity of water used varies as the square root of the 
head also. 

Thus, suppose a turbine giving 100 B.H.P. on a normal working head of 10 ft., 
running at 130 r.p.m. and using 103 cusecs. Then, if the same wheel is made to 
work on 5-ft. head, 

Output = 100 sj {5 / 10)8 = 100 JO' 125 = 35-4 B.H.P. 

Speed = 130 >7(5 / 10) = 130 x 0*71 = 92 r.p.m. 

Quantity = 109 >7(5 / 10) = 77 cusecs. 

A reference to any catalogue will show that these relations hold good, and 
the specific speed (§ 215) will be found to be 74 in both sets of conditions. 

The actual speed in r.p.m. can be varied by making the 
diameter larger or smaller and also by varying the bucket design 
and the angle at which the water enters ; thus for a given head 
and power the highest practicable speed may be six times the 
lowest. 

Under great variations of head the voltage is maintained con- 
stant by shunt regulation and interpole generators ; at Cliester 
the working head varies from 2 to 9 ft. The use of two turbines 
on the same shaft is also sometimes adopted. There are some 
advantages in the use of vertical shaft Francis turbines geared to 
umbrella-type generators. Such turbines can be provided witJi 
a correctly formed suction tube for the utilisation of energy wliich 
would otherwise be lost, and the spiral inlet chamber makes 
possible higher inlet velocity than could be used with horizontal 
turbines. The generator may run at 10 or 12 times the turbine 
r.p.m. and can therefore be a relatively small and cheap machine. 
The vertical shaft permits the power house floor to be well above 
flood level, and the fact that the turbine and generator are not 
co-axial permits the turbine runner to be removed without disturb- 
ing the generator {see also Science Abstracts, Vol. 25 B, p. 581). 
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224 . General Lay-out for Medium Falls. — Tlie limits of a 
medium head of water are incapable of definition ; low heads 
gradually merge into medium, and medium into high. It is often 
doubtful whether an open-type, low-fall turbine should or should 
not be used on heads of the order of 10 ft. and upwards, or 
whether an enclosed reaction turbine with a supply pipe will meet 
the needs of the case better. When dealing with heads where a 
supply pipe must necessarily be used, the question arises as to 
where an impulse wheel becomes preferable to a reaction turbine ; 
probably the limit here will be in the neighbourhood of 300- 
400 ft. 

As in the case of low falls, so long as the reaction type of 
wheel is use.d the ‘ head ’ is the vertical distance between the head 
and tail waters at full load, a draft tube being employed to 
utilise the suction head. When the jet impulse or Pelton wheel 
is employed the fall is classified as ^ high head’ (q.v.). There is 
an immense variety iii the forms of hydraulic lay-out suitable for 
medium heads, some of these have already been discussed in con- 
nection with low heads, the difference being only one of degree ; 
others follow. 

225 . Lifting Dam Lay-outs. — There is no reason, other than 
one of cost, why lifting dams should not be used, where the con- 
ditions are suitable, to give very considerable heads; but capital 
cost sets a limit. Where, however, this type of scheme is adopted 
the dam generally impounds a far greater quantity of water than 
with, low heads while tlie draft, for given power, is reduced in 
proportion to the increase of head. It is therefore possible to 
use the ponded water to a much greater extent than with low 
heads, as a given drop in the water level means a far smaller 
percentage drop in the available head Again, the volume of 
stored water corresponding to 1 ft. of depth near full supply 
level is very much greater than when the reservoir is partially 
empty ; the lower depths give a comparatively small volume of 
‘ dead ’ or unutilised water. If the head depends solely on the dam 
the maximum draw-off will be of the order of one-third of the 
depth, as beyond that regulation would become impracticable. 
In designing a scheme employing a lifting dam it is necessary to 
investigate the extent of the afl3.ux of the water up-stream, in 
order to prevent the flooding of the surrounding country. Even 
when there is a fair bed slope the velocity of the stream is 
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checked and the waters hank up. A natural gorge has the same 
effect where a river has cut through hills. 

For example, a site was investigated at Makeswar on the Narbada River in 
India, where there were rapids giving a fall of some 20 or 30 ft. in the dry 
weather; it was proposed to build a low-lifting dam and utilise the site. The 
river, however, had but little slope except at this one point, and it was found that 
a gorge about 100 miles down-stream had, about a century earlier, backed the 
water up no less than 63 ft. at the site, where the banks were high. The conse- 
quent afflux, even without the addition of a dam, probably flooded the flat country 
over thousands of square miles. The small head would in any case disappear 
completely, as in tact it was fouud to do in the monsoon ; and the whole power 
station site would be under a great depth of water. 

226 . Natural Waterfalls. — Most natural waterfalls come 
under the category of medium head falls, but there is a consider- 
able variety of ways of developing them. There must be an in- 
take from the river above the fall into a forebay, protected as 
already explained in the case of low heads from the entry of 
floating debris. At the forebay there is an intake chamber for 
the pipes supplying the wheels, also protected by screens, and 
capable of being isolated in sections by gates in case repairs are 
necessary. The power station will generally be on the bank be- 
low the fall, and in favourable cases the length of pipe line 
will he short. The draft tubes will discharge into a tail race 
directly connected to the stream below the fall. 

Special conditions, however, have been met by other arrange- 
ments. Thus several of the Niagara Falls power stations have 
deep vertical wheel pits containing the turbines, which discharge 
their tail waters through a tunnel ; the wheels are connected by 
vertical shafts to the umbrella-type generators in the power house 
on the surface, and by vertical pipes to the forebay. In other 
cases the whole power station has been placed at the bottom of a 
vertical shaft in the rock, with a similar tail race tunnel, because 
no suitable site could be found for surface buildings. 

227- Combination Falls. — Often the nature of the ground 
admits or demands additional works, such as head or tail canals 
and diversion dams. Thus, with a natural waterfall, additional 
head may often be obtainable by tapping the stream above rapids 
higher up than the fall itself and carrying an open channel or 
canal to a forebay at or beyond the fall. Similarly, rapids below 
the fall can be utilised by locating the power house farther down- 
stream and using a canal to shorten the costly pipe line. Or, 
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again, a combination of these two variations may be employed. 
low diversion dams across the river are often required to level up 
the bed above a waterfall and ensure the supply at low water 
reaching the intake. These will not necessarily increase the 
available head appreciably, for instance where a head canal is 
used ; but they may sometimes be sufficiently high to act as 
lifting dams and to raise the forebay level. Again, where the 
head is primarily due to a lifting dam, the nse of a canal may 
enable rapids lower down to be utilised. Naturally a canal can 
only be employed when the ground enables it to be constructed 
on a contour. 

228. Bends in Rivers. — An occasional form of lay-out on 
medium heads is where a river makes a great bend and turns 
hack on itself. If the bend has been caused by cutting through 
a range of hills there may be a considerable fall round it, and, by 
tunnelling through the intervening spur, this can be utilised for 
power. 

Avery good example of this type of lay-out (not yet developed) is found on the 
River Sutlej, where it emerges from the Himalayas, as reference to any ordinary 
atlas will show. Here an effective fall of some 300 ft. or more is obtainable with 
a minimum flow of about 3 000 cusecs (say 60 OOO kW), which can be greatly 
increased if necessary by storage ; and while the bend extends for many miles the 
tunnel and pipe line will be quite short. 


This type of lay-out might even reach the ‘ high-liead ’ 
level. 

229. Storage on Medium Heads. — As a general rule arti- 
ficial storage is impracticable until the ‘high head’ type of 
development is reached, and storage is therefore dealt with more 
fully in Chapter 10. Until a fairly great head is reached the 
quantity of stored water required to tide over any considerable 
period renders it impracticable. Reference has already been 
made to the use of the water ponded by a lifting dam ; but this 
is little more than regulating storage, to enable a varying load 
to be met by a constant inflow of the source. If the quantity so 
stored is very large it may enable a period of drought to be 
surmounted; hut this would seldom be practicable unless the 
ground was extraordinarily favourable. Such conditions may, 
however, occur where a large level basin can be formed into a 
lake by a comparatively low dam, and the rainfall and run-off 
enable it to be refilled periodically. 
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Thus a project is mentioned in the Second Report of the Hydro-Electric 
Survey of India, 1919-20, where it was proposed to use a storage of 7 000 million 
cu. ft. in conjunction with a fall of only 110 ft. in a locality when the rainfall is 
very precarious and the minimum flow small. 

230. Storage and Tidal Power. — No doubt as fuel becomes 
more expensive tidal power may supplement other forms of 
hydro-electric and fuel-produced power, and projects are being 
examined at the present day.^ For the most part such projects 
will be of low-head status, but it will be convenient to consider 
the matter briefly here, in connection with storage. The head 
obtainable by damming up a tidal estuary is an intermittent one ; 
as the tide rises, its level will reach that of the water above the 
dam; .furthermore, it is widely variable between spring and 
neap tides. Only where an enormous volume of water can be 
stored is there an economic possibility of obtaining power on a 
large scale, and then it is essential to make that power continu- 
ous ; the natural conditions for large storage are, however, more 
often found in estuaries than on diy land. In order to continue 
generating power during the period when the tidal head dis- 
appears it is necessary to install reserve plant. This may be fuel 
driven ; but an alternative exists where there are natural storage 
sites at a considerably higher level than the tidal basin itself. In 
such a case, part of the tidal power can be set aside exclusively 
to pump water to the higher-level basins, f from which it can flow 
down through the turbines of the reserve plant when needed. 
This arrangement is expensive in capital cost, as it involves 
double sets of plant and great expenditure on storage works ; it 
is also uneconomical, as a large part of the initial power is 
subject to double conversion losses; but it may hereafter be 
rendered necessary owing to the increasing cost of other forms 
of power. It may be possible in some instances to utilise the 
high spring tides to fill high level basins, which can be kept in 
reserve to supplement the reduced power at times of neap tide ; 
but the amount of storage required to carry over a large power 
station for a week or so on a comparatively small head will 

* Eor particulars of the proposed Severn barrage see El. Rev., Vol. 87, pp. 
762, 788. 

t Naturally if the high level basin can be filled without the use of power from 
the plant it is advantageous. In this connection there are possibilibies in the 
‘ Hydrautomat ’ wliich utilises a fall for raising a portion of the water with 
exceptionally high ejficiency and low cost. 
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always render the problem a difficult one of economics and 
finance. 

231. Canals and Forebays for Medium Heads. — Medium 
falls will generally be obtained from rivers, and according to 
whether there is an actual waterfall or merely a series of rapids, 
there may be a short or a long canal or flume leading to the 
forebay from which the pressure pipes take off. In the former 
case it may sometimes be practicable to build the forebay directly 
on the up-stream side of the fall, and to dispense with a canal 
altogether. Formulae for calculating the size of flumes and canals 
are given in §§ 211 seq. ; if the quantity of water is consider- 
able, an ordinary earthwork canal will be used, puddled if the 
ground renders it necessary; other types of channel are dealt 
with in Chapter 10. The water will be led into a forebay, from 
which the pressure pipes will be taken off The supply at this 
point will be controlled by valves or gates, and an overflow and 
scour must be provided. As a rule nothing in the way of silt 
traps (§ 238) will be required with fairly large discharges, but 
strainers are necessary for catching weeds and other floating 
matter ; a coarse ‘ trash rack ' should be placed at the intake to 
protect the channel, and a finer one in the forebay, close to the 
gates, to protect the wheels. The usual arrangement is to have 
a separate intake chamber for each pipe, controlled by gates and 
screens, but open to the air at the top although protected there 
from tlie entry of foreign matter. This ensures that under no 
circumstances can a pipe collapse from external air pressure, and 
enables repairs to be effected easily. The capacity of the forebay 
needs careful consideration where any length of canal intervenes; 
generally a canal on a plant of this nature is kept always full, 
and a spill- way is constructed at the forebay so that in ease of 
reduction of load the excess water can pass away over it ; if, 
however, there is a necessity for economising water, as will be 
the case when storage is depended on, it is necessary to regulate 
the water at the canal intake. There must then be sufficient 
water stored in the forebay to enable a sudden rise of load to 
be coped with until the canal flow can be increased and can 
reach the forebay. Often it is convenient to have a long spill- 
way at or near the canal intake, so that when water is plentiful 
an excess may be always entering and when the afflux reaches 
the spill-way level no further appreciable rise can occur. 
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232. Pipes for Medium Falls. — Where the conditions are 
such that an open wheel in a flume cannot be employed, the 
water is piped down to a cased-in wheel, and a draft tube leads 
into the tail race. The velocity of the water in the supply pipe, 
if short and on a moderate head, may be as high as 0'l^(2gH), 
giving 3*6 ft. per sec. for 20 ft. ; 5*1 ft. per sec. for 40 ft. ; and 
7*2 ft. per sec. for 80 ft. Whether these maximum velocities can 
be realised, depends on the conditions in each case. The size of 
pipes and the loss of head in them under different conditions 
is dealt with more conveniently in connection with high heads 
(§ 247). As regards the thickness of metal in steel pipes (§ 248) 
on comparatively low heads, the result of the ordinary calcu- 
lations may give too low a result for mechanical reasons. The 
author once saw a very large pipe (about 12 ft. diameter) on a 
head of about 50 ft. which had collapsed inwards ; the water had 
been let out through the draft tube when the gate at the top 
was closed, so that practically the full atmospheric pressure of 
14 lbs. to the sq. in. was acting upon the upper part. The pipe 
was more than strong enough to resist the internal water pressure, 
but this contingency had been overlooked. The draft tube, 
which on very low falls is usually a matter of 2 or 3 ft. only, 
may theoretically have a suction of nearly 30 ft., but in practice 
it should seldom exceed 20 ft. ; even so, unless perfectly air-tight, 
there will be a loss of eflSciency. At high elevations, with the 
barometer standing at 22 or 23 ins., the suction must be reduced 
proportionally, as well as in very large pipes. 

Where the slope of the pipe line or part of the same, on a 
medium head, is very gradual a stand pipe or surge tank may be 
necessary at the power house or at the end of the flatter portion. 
This will be of the full diameter of the pipe protected and will 
be enlarged at the top, so as to act as a regulator while the 
velocity of the water is adjusting itself to new load conditions ; 
this stand pipe will be carried above forebay level and will act 
as a subsidiary forebay closer to the turbines, storing or sur- 
plussing water when the draft is checked and supplying it while 
the long column of water in the pipe is accelerating. Thus the 
speed of the wheels is kept more nearly constant as the effective 
head varies but little ; and the larger the surface of the water 
at the top of the surge tower the less will the variation be. In 
addition to the simple type of stand pipe there is a differential 
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type, consisting- of a plain v'ertieal stand pipe surrounded by a 
storage tank of larger dimensions, connected to it by inlets of 
restricted size. Here, if it be assumed that there is a steady 
load, the water in the inner and outer compartments will be at the 
same level. If now load is thrown off, the check to the flow causes 
the water in the plain stand pipe to rise to a higher level than 
that in the outer tank, into which it will discharge ; but, as the 
passages are restricted, the level in the outer tank will take some 
time to rise to the new level, according to the difference of head. 
If, on the other hand, extra load were thrown on, the stand pipe 
would at once respond to the demand and fall in level, while the 
outer tank, now standing at a higher level, would refill the stand 
pipe at a rate corresponding to the difference in head. The 
design of surge tanks is a complicated matter which would be 
out of place in this volume {see Bibliography, § 258). 

233. Turbines for Medium Heads. — As in the case of low 
heads, the Erancis type of wheel is most generally used on 
medium heads; but it is of the cased-in type, supplied by a pipe 
and discharging through a draft tube. The most usual form is 
the ‘ spiral-cased * wheel, in which the water passes into the wheel 
all round the periphery, by means of a passage graduated to suit 
the diminishing volume of flow as water is taken off through the 
guide blades. The pipes may enter either at the end of the 
wheel, parallel with the shaft, or at the side and at right angles 
to the shaft. The wheels may be classified, according to the 
direction of flow of the water in them, as inward-flow, outward- 
flow, parallel-flow, or mixed-fliow, the latter being the most gener- 
ally used. In this last-named type the guide blades are placed 
round the outside of the wheel and the water, entering at the 
periphery, flows towards the shaft as in an inward-flow wheel ; 
then the direction changes to that parallel with the shaft and so 
discharges into the draft tube. The guide vanes themselves are 
hinged and used as the wicket gate for regulation. 

As mentioned in § 215, new types of reaction wheels for low 
and medium heads, with high specific speeds, are now being 
introduced and may considerably modify future practice. 

For small powers, impulse wheels of different type from the 
Pelton wheel were at one time extensively used, such as the 
Girard, which has done good service. In this type the water 
from a rectangular jet emerged at the full velocity due to the 
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head and struck the curved vanes; the water passed radially 
outwards from the jet, which was placed between the shaft and 
the periphery. 

Recently the Banki turbine, an entirely novel type of impulse 
wheel, has been placed on the market for fairly small powers. 
This is a modification of the old Poncelet wheel, differing from 
it in that the buckets of what is practically an undershot water 
wheel are open at the back instead of closed. The water, enter- 
ing with the velocity due to the head, passes through the 
forward set of curved vanes ; in doing so, it delivers up about 
78 of its theoretical power but still continues to travel with 
considerable velocity. The water, now travelling across the 
inside of the wheel, in a direction slightly upwards, then strikes 
the buckets on the opposite of the wheel from the inside, in the 
reverse direction, and delivers up the practicable remainder of 
its power. The wheels are cylinders with the length up to 
twice the diameter, and the cmwed vanes run parallel with the 
shaft ; the jet is rectangular and of the full length of the wheel, 
the breadth being regulated by a plain gate which reduces the 
breadth of the jet over its whole extent ; a deflector is also em- 
ployed to surplus the water at partial gate opening. As in other 
impulse wheels, the peripheral speed is limited to a little less 
than half the jet velocity, or ; on low heads it is there- 

fore necessary to drive the generator indirectly. The specific 
speed (British units) of single runners is intermediate between 
that of the Pelton wheel (say 1-7) and the Francis wheel (say 
25-90), varying from about 11 on moderate heads up to 25 on 
low heads; it is stated by the makers to be 119 metric (=^27 ‘2 
British) where the breadth is twice the diameter, and can be 
increased to double these values with four runners. 

Bibliography {see § 258). 
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WATER-POWER {cooitd.): DEVELOPMENT OF HIGH 

FALLS. 

234. Conditions of High-fall Development. — As in the low 

and medium falls already examined, there is a great variety of 
type in high-fall developments. Broadly, two divisions may be 
considered, viz, : projects depending primarily on floio and those 
depending primarily on storage ; but combinations of the two are 
also common. In this connection a clear distinction must be drawn 
between regulating storage, adopted for taking care of day to 
day or possibly week to week fluctuations of load, and main 
storage, designed to carry the entire load for extended periods. 
A high working head can generally be obtained only from the 
flow of hill streams or the stored water of mountain catchments. 
The fall is generally obtained by leading off the water in an open 
canal or artificial channel, with a small slope, until it has reached 
a point where the accumulated fall is sufficient ; there the forebay 
is constructed and steel pipes convey the water to the wheels. 
Occasionally sufficient fall can be obtained on the spot to enable 
the canal to be dispensed with, the pipes being led directly down 
to the power house from a forebay at the source ; this is naturally 
cheaper in cost and preferable when the ground admits of it. 

235. High-fall Projects Depending Mainly on Flow — 
Where a hill river or stream has a reasonably high minimum flow 
and a steep descent, the limit of fall obtainable depends mainly 
on the distance to which the banks allow a contour canal to be 
constructed. .When the limits of the canal are reached, or at an 
earlier point if the required fall has been obtained, the forebay is 
laid down from which the supply to the wheels is taken by pipes. 
If possible a large forebay or an independent regulating reservoir 
is a useful addition as it enables a fluctuating load to be dealt 
with, larger than the stream is capable of supplying continuously. 

The canal may be on either bank of the stream or may be 
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carried by means of a tunnel through the hillside to a neighbour- 
ing stream, where a greater fall is obtainable ; the canal can also 
be continued in this new catchment, and it may be practicable to 
lead the waters of it into the canal also. Sometimes several 
streams can in this way be harnessed together, either by open 
contour channels alone, or in combination with tunnels, syphons, 
and even suspension aqueducts. 

In hill streams the normal flow is generally clear and moderate 
or small in amount ; after heavy rain the discharge is increased 
many hundred fold, and the high velocity may cause it to carry 
along a large amount of mud, gravel, and boulders. These, despite 
various methods of trapping them, will inevitably tend to block 
up the channel and reach the forebay and the wheels, so that it 
may be advisable during spates to close the head-works gates ; 
but this can only be done where sufficient storage is carried to 
tide over the worst period, and the problem offers much scope 
for ingenuity in the designer. Occasionally a high fall can be 
obtained from a comparatively sluggish stream, or one with a 
natural lake regulating its flow and clearing its waters, when the 
problem is simplified. By means of a dam in the stream itself it 
may be possible to reproduce these natural conditions, but there is 
always the possible silting up of this artificial lake to be reckoned 
with. If the water is seldom silt-laden the storage obtained in 
this way may be most valuable for regulating purposes. 

236. Head-works. — ^No two streams require the same treat- 
ment at the head-works, where the water is tapped off. If the 
stream is a comparatively sluggish one, and the ground is suitable, 
water may be impounded in the stream bed itself by a dam ; this 
will be cheaper than an excavated reservoir in proportion to the 
amount of water stored. In such a case it may sometimes be 
practicable to pipe the supply straight from the reservoir, putting- 
in valves and strainers there. Unless the site is abnormally 
favourable, however, it is useless to build a dam for storage pur- 
poses if the debris brought down the stream is considerable, as 
the capacity will be rapidly reduced. In the case of torrents, if 
the bed at the head-works site is rock which can be depended 
upon, an inexpensive diversion into the flume will serve as well 
as anything ; a gang of labourers can ensure continuity of supply* 
If the bed is not of solid rock it is liable to be scoured out and to 
drop perhaps 20 ft. ; in such cases the flume proper should begiix 
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at a somewhat lower level than the point of tapping, so that, 
whatever happens, it will always he possible to lead the water 
into it. The loss of 20 ft. of head can perhaps be ill spared, but 
it is obviously safer to lose it rather than to find the flume high 
and dry above the remains of the head-works. So long as no such 
catastrophe occurs the spare head can be disposed of by discharg- 
ing down a series of steps. 

In some cases, following irrigation practice in canal protective 
works, protection against scour has been sought by means of 
boulder-crates, sunk deep down and continued up to the surface 
level ; these are made up of heavy-gauge galvanised iron wire, 
threaded into a large-mesh cubical box, and filled with large 
stones. The chief advantages of these crates over masonry are 
that they can easily be unloaded and moved when necessary, and 
that they are not readily destroyed by the impact of boulders. 
The less masonry is employed at the head-works of mountain 
torrents, the more likely are the works to stand ; until the flume 
is well above flood-level, it cannot be considered safe from destruc- 
tion in flood times, and at this point there should be a by-pass 
back to the stream. The gates controlling the entrance to the 
flume should preferably be rough and inexpensive ; valves stand 
a very good chance of sticking after a few weeks owing to mud 
and debris choking them. 

237. Open Channels. — Assuming that some distance inter- 
venes between the head-works and power house, an open channel 
is generally preferable to pipe-work for conveying the water to a 
point above the station. The object of the channel is to convey 
the required quantity of water to the forebay with as little loss of 
head as possible. If the quantity is very large and the ground 
suitable a canal in earth will be used; but in the hills the con- 
ditions are adverse to this. There remain rectangular wooden 
flumes and semicircular iron channels, carried on trestles, both of 
which are very largely used in America; also concrete flumes, 
and, for very small discharges, even galvanised iron flumes. 

In calculating the size and slope of the flume the formula given 
in §§ 210, 211 may be used, as in the example there given, pre- 
liminary data being assumed. The trapezoidal or semicircular 
shape will generally be the best, as these give a larger hydraulic 
mean depth (§ 210) than a rectangular section' of the same area. 
In constructing a flume, it is well to remember that a very slight 
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error in the slope may either bank the water up and cause it to 
overflow or may increase the velocity sufHciently to wear away 
the material rapidly. Furthermore, at all angles in the direction 
of flow the friction is increased, and either the area or the slope 
should be increased accordingly and the afflux calculated. When 
in work there is always a danger of a flume becoming blocked by 
landslips, and the consequent overflow may wash away the track 
on which it is placed. To minimise the effects of this, the top levels 
should be varied in such a way that if the water overflows it will 
do so where the ground will stand it ; with slopes of the order of 
1 in 1 000 a slight raising of the height of the flume walls at all 
dangerous points will ensure this. Furthermore, at convenient 
points, e,g. where crossing small streams, the bed of the flume 
should be dropped and a gate put in, capable of diverting the 
whole flow back into the main stream. It is evident that, on 
steep ground, cutting away the hillside should be reduced to a 
minimum ; a wooden or iron flume can be carried along on sup- 
ports without appreciably disturbing the ground. Where land- 
slips are inevitable, the expense of tunnelling may have to be faced. 
Where even small streams have to be crossed in hilly country, it 
is well to remember that they may become violent torrents for 
long enough to cut away their banks and destroy any pillar or 
support placed in their beds. It is therefore advisable to span the 
flume clear over these streams, either by a suspension bridge, 
where the distance is great, or by a reinforced concrete culvert or 
single arch for short spans. 

238. Sand Traps. — Where the head on the Felton wheels is 
considerable the sand-blast action of solid matter in the water 
wears away the nozzles, spears, and buckets, and a reasonably 
clear supply is essential. If there is a large dam and reservoir at 
the head-works this will be assured, except as regards debris col- 
lected en route to the power house ; if the reservoir is at the 
power house end of the flume it will indeed collect and deposit 
most of the solid matter discharged into it, but this will have to 
be cleared out from time to time at considerable expense. It is 
on this account expedient to build special sand traps arranged for 
more or less automatic cleaning. Obviously settling such as is 
effected for water supply is impracticable; fine mud will take 
days to settle, and must be left in suspension ; but all except the 
finest silt will be quickly deposited if the velocity of flow is 
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sufficiently reduced. Considerable expenditure on sand traps 
or silt tanks may be justifiable, as worn nozzles, spears, and 
buckets seriously affect the efficiency of the wheels and even 
cause considerable leakage between the closed spear and the 
nozzle. 

To prevent the flume getting choked, it is preferable to clean 
the water before its entry, i.e. close to the head-works ; this, how- 
ever, is not always practicable, and traps must be placed wherever 
the ground is favourable. Two identical arrangements of sand 
traps are seldom found ; the problem must be solved according 
to circumstances, and it will be found interesting. Practically 
speaking, the flume is both widened and deepened, so as to re- 
duce the velocity of flow to 6 ins. per sec. or less. A strainer or 
trash-rack may be used for catching floating debris and stones. 
In order that a sand trap may be self-cleaning, several large gates 
should be provided, and the floor level should slope fairly steeply 
from all sides down to each gate. Baffle walls, raised to the level 
of the flume bottom, will direct the flow of water towards these 
gates, and the accumulated mud will he dislodged by the rush of 
water when the gates are opened. The gates must be strong but 
not too close-fitting, otherwise they will get jammed owing to the 
rnud ; they should be opened regularly every day to ensure free- 
dom, even at times when the water is clear. If there is more 
water available than is required, a small amount can be discharged 
continuously at these gates, and this will tend to prevent the ac- 
cumulation of mud on the floor. It is probable that centrifugal 
action in a suitably designed basin, caused by the radial entry of 
the water, could be used for the automatic discharge of a good 
proportion of sand or silt, just as it collects at the orifice of a 
circular hand basin. 

239. Regulating Storage of Water. — A regulating reservoir 
in a hydro-electro scheme may fulfil two functions ; it may serve 
to augment the quantity of water available at times of heavy load, 
by storing the unused supply during the hours of light load, and 
it may act as a reserve against break-down in the water supply 
between itself and the head-works. Where the supply is plentiful 
and perennial the fiLrst function need not be considered 5 where the 
reservoir is of necessity placed at the head-works the second use 
disappears to a great extent, as a break-down is more likely to 
occur in the flume than anywhere else. 
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Consider, by way of example, a hydro-electric scheme with a head of 1 000 ft. 
and a minimum flow of 15 cusecs. Then about 1 000 kW can be depended upon 
continuously day and night (§ 201) cr 24 000 kWh per diem. If the average load 
on the station is 500 kW, the daily output will be 12 000 kWh, or half the maxi- 
mum, i,e. the load factor (§ 261) will be 50 7o> though the plant installed to meet 
peak loads would be much greater. Thus we may suppose half of the total out- 
put, or 6 000 kWh, to be generated during the three hours of heaviest load, inz. 
2 000 kW, as would happen in the case of a load mainly for lighting. Then for 
these three hours the demand would be 30 cusecs and the supply 15 cusecs, so the 
balance would have to be obtained by storage; 15 cusecs for 3 hrs. = 162 000 cu. ft. 
In case of break-down to the water supply, this quantity would keep the plant 
working for 1^ hr. at maximum load, which would not be sufficient unless the 
risks of break-down were very small; but the amount of storage actually allowed 
for must necessarily depend on the cost of the reservoir. Where a natural site for 
a dam exists, it may cost no more to provide a month’s full-load supply than to 
build an artificial tank for one day’s supply. 

In the example just given the actual output was assumed to be half the maxi- 
mum possible with 15 cusecs available. Therefore, in the course of 24 hrs., if the 
efficiency of the turbines remained constant at all loads, half the available water 
would run to waste, or 648 000 cu. ft. Allowing for the lower efficiency at reduced 
load, assume that 600 000 cu. ft. would actually run ofl unused in the absence of 
storage. This then is the maxiynum amount which could usefully be stored. 
With this reserve it would be possible to still further increase both the plant 
capacity {i.e. the maximum load) and the total output, assuming that a demand 
existed. The reserve alone would be capable of giving 5 000 kW for two hours, 
apart from the 15 cusecs of normal flow still coming in ; and the total units of 
output per diem could be brought up to the maximum possible, viz. 24 OOD kWh, 
on any load factor. 

Another example will serve to illustrate how the amount of storage required 
maybe calculated where the dry-weather flow is small and a suitable site exists 
for a dam across a valley. The data were as follows : Maximum power required 
at points of utilisation, 224 kW, or 300E.H.P. ; allowing for transmission, SB3. 
E.H.P. from the generators ; 370 B.H.P. from the turbines ; 498 theoretical 
water H.P. at 75 °f^ wheel and pipe efficiency. Probable load factor, 30 ; so 

units delivered to consumers = 224 x 0*3 x 365 x 24 = 587 000 kWh per annum 
(equivalent to 786 000 E.H.P.-hrs.), and units generated, 650 000 per annum. Net 
available head of water, 220 ft. It was found that the natural flow of the stream 
would be sufficient to run the plant during eight months of the year, but during 
four months supplementary storage would be required. With a large reservoir the 
minimum flow ceases to be important ; the average flow determines the necessary 
capacity. The average flow during these four months was estimated to be IJ 
cusecs, which gives 16 million cu. ft. in four months. 

From these data, it will be seen that 786 000 E.H.P.-hrs. delivered to con- 
sumers is equivalent to 786 000 x 493 / 300 or 1 290 000 theoretical water H.P.- 
hrs. in the year ; in four months therefore the requirements will be 430 000 water 
H.P.-hrs. But 1 cusec gives 1 x 62*3 x 220 / 550 = 25 water H.P. In one hour 
this rate of flow uses 3 600 cu. ft. of water and gives 25 water H.P.-hrs., thus using 
144 cu. ft. per theoretical H.P. -hr. Therefore the total water used in four months 
will be 430 000 x 144 = 62 million cu. ft. Deducting the inflow of 16 million cu. 
ft., the minimum storage required to tide over the dry period is 46 million cu. ft. 
In most cases storage on this scale for so small a power development would be 
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prohibitii^^e in cost ; had the head hoen 1 OOO or 1 500 ft. the proposition would 
have been more f&voumble. 

240. Points in Design of Balancing Reservoirs. — The 

construction of dams and reservoirs is beyond the scope of this 
book, but some practical points may be mentioned. If the turbine 
pressure pipes take off directly from the reservoir, the effective 
depth of the latter should be a small fraction of the total head; 
otherwise the variations of head between full and empty reservoir 
will affect the working of the plant. Symmetry in design of an 
artificial tank is of no importance ; the object is to get as much 
storage as possible for a given expenditure, and every foot of 
ground should be utilised ; this applies more particularly to hills, 
where the levelling off of a bluff is generally necessary to obtain 
a site. There should invariably he a silt trap immediately pre- 
ceding an artificial reservoir ; otherwise the foreign matter 
collected by the flume en route will he troublesome ; a natural 
reservoir formed by a dam in a stream bed must, of course, take 
care of itself in this respect, unless it is possible to build a smaller 
dam farther up-stream for use as a silt trap. An overflow weir, 
with a safe passage for surplus water, is also essential. 

It is sound practice to sectionalise the reservoir where muddy 
water has to be dealt with, so that one part can be cleaned while 
another is in use. To facilitate cleaning, there should be a slope 
of the floor towards the scour outlets. The part of the reservoir 
from which the pressure pipes are led off should be isolated from 
the rest, and fed normally with clear water from the top surface, 
through fine screens and gates ; but there must also he valves at 
the bottom of this chamber for use when the stored water has to 
be drawn upon. A by-pass from the flume, similarly protected, 
should be led directly into this draw-off chamber, so that the 
reservoir can be closed for repairs without shutting down the 
plant. Obviously this diversion should pass through the reservoir 
silt trap, or sand will get into the pipes and valves. Continuous 
gauze screens, revolved by hand or motor, are more satisfactory 
than fixed screens, which easily get choked. The water-way 
through thpse must be sufficient to pass the full draft under the 
lowest working reservoir depth. If it so happens that the 
reservoir must be some distance from the power house, it may 
prove economical not to run. pressure pipes for the whole distance ; 
the alternative is to run the pressure pipes up the shortest route 
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to the reservoir level, and there to put a small open balancing 
chamber or pen-trough which can be fed from the reservoir by a 
closed-in horizontal pipe (metal or concrete) which is not subject 
to any appreciable pressure. If an open channel is used, the 
head due to the reservoir depth would be sacrificed, and hand 
regulation of the water would be necessary ; this is only practic- 
able where there is a permanent excess of supply over demand. 

241. High-fall Projects Depending Mainly on Storage.— 
A different class of project altogether has been developed in 
certain areas where the natural conditions were favourable, and 
especially in the Western Ghat range in Bombay Presidency. 
Here the monsoon from the Indian Ocean bursts in full force on 
the crests of the mountains, giving a rainfall of from 150 to over 
250 ins. in the course of a few months ; for the rest of the year an 
occasional thunderstorm is the only precipitation. In these cir- 
cumstances the run-off is extremely high and the streams dry up 
very rapidly when the rain ceases, so that there is practically no 
flow for 9 months of the year. In the locality referred to, and 
possibly elsewhere, there are valleys at a high elevation which 
lend themselves to storage on an immense scale by means of high 
dams ; but very few such localities have so far come to light. 
By storing the whole monsoon flow even over a comparatively 
small catchment, such as is necessarily found high up on a moun- 
tain range, an immense volume of water can be stored, sufficient 
to keep a large power station at work throughout the year, just 
as large irrigation systems have long been similarly fed. 


Thus ife will be seen from the data in § 202 that 200 ins. of rain on 20 sq. mis. 
of catchment will give some 9 000 million cu. ft. of water ; this, neglecting 
losses by evaporation, etc. , will on 2 000 ft. head provide 


9 000 X 2 000 
500 


36 000 kW-years, 


which on commercial load factors would enable a plant of from 70 000 to 
100 000 kW to be installed. There are existing plants comparable with this 
example. 


242. Types of High-fall Storage Lay-out. — In the utilisa- 
tion of these high level artificial lakes several methods have been 
adopted. If there is a direct fall from the lake, or one of a con- 
nected series of lakes, to the power house site the conditions are 
ideal. If the most favourable fall is on the opposite side of the 

watershed, or if two lakes are so placed, a tunnel is constructed. 

0/10 


WATER-POWER: HIGH FALLS 


343 


Thus, in the Andhra Valley works in India, a dam of 190 ft. 
forms a lake with a surface area at full supply level of 25 sq. 
mis. All the water below about 30 ft. from the surface is 
' dead,’ a lined pressure tunnel being cut through the watershed 
for about 2 mis. at this point. At the tunnel exit there is a 
sloping surge pipe, also cut in the solid rock, to counteract the 
changes of velocity in the tunnel ; and from here the pipes are 
carried down a steep slope to the power station some 1 750 ft. 
below lake level. The junction of tunnel and pipes carries the 
stop valves. 

In other cases open channels are necessary to carry the water 
from where it is stored to a forebay from which it is piped down 
(§ 237). 

If in addition to large storage there is also a steady inflow 
from the catchment area the power possibilities are to that 
extent increased, as no water need be lost. Thus 1 cusec flowing 
for a year will give 535 kWh pel* ft. of head. Storage projects of 
the nature here dealt with are generally only practicable on fairly 
high heads, as the cost of the dams per H.P. developed is in inverse 
proportion to the head. 

243. Storage and Flow Combined on High Heads. — 

The great hydro-electric plants of Norway have the immense 
advantage of natural storage coupled with perennial flow from 
snow mountains; the rivers pass through great lakes at high 
altitude, which before they were used for the purpose had a large 
water spread. By placing a comparatively low dam at the outlet 
great storage capacity is obtained, and the draft can be regulated 
without waste throughout the whole year. Furthermore, in the 
Rjukam-Notodden chain of power houses there is a lake of this 
nature between the high-fall plants and the series of low-fall de- 
velopments already referred to, so that an excess or deficiency of 
flow from the upper side can be compensated. 

Sometimes the combination of two perennial streams, each 
with artificial storage from a dam, may be possible, as in the 
Laxapana- Aberdeen project in Ceylon. The advantage of such a 
site is that each component can be developed separately to its full 
capacity, if foresight is exercised, without waste of capital on un- 
productive works. When the power from flow has aU been taken 
up the storages can be developed in turn. In any such case 
of duplicate or multiple sources the open channels from the 
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head-works to the forebay can be carried either round or through 
intervening spurs, according to the ground. 

In contradistinction to this development of streams in parallel, 
there are many instances of power stations in series on a single 
source. Of these the best known is perhaps the combination of 
the Vermork and Saakem power houses at Notodden in Norway. 
The former station utilised part of the head — some 920 ft. — of 
the great waterfall for the development of 165 000 H.P. for the 
manufacture of nitrates ; and the waters were tailed down to the 
river below with a considerable sacrifice of the total head of. 
600 m. When the war broke out it was decided to use the tail 
waters in a second station. A tunnel 4 mis. long was therefore 
excavated along the mountain side, which was too precipitous to 
carry a surface channel ; this tunnel took the tail waters from 
Yermork to a forebay, also excavated in the solid rock, and 
thence three tunnels at a very steep angle carry three pipes each 
down to the second power house, which alone of all the works 
is on the surface. 

244 . Storage Lakes. — Wherever a large volume of water is 
stored for power purposes it has a definite value in H.P.-hrs. or 
years, depending on the head (§ 202). By means of the mass 
curve (§ 209) and the draft curve, the conditions can at any time 
be seen. A complete contoured plan is made of all storage lakes, 
showing the capacity (in water or in H.P.-hrs.) at all levels 
ove the offtake. If the locality is one liable to severe droughts 
to partial failure of the monsoon it may be necessary to carry 
er a large volume of water for such emergencies ; to calculate 
jue amount so required involves a knowledge of the liydrography 
of the catchment over a long period, preferably 20-30 years^ 
as well as of the average annual loss by absorption and evapora- 
tion. These last may in hot dry climates amount to from 
3-10 ft. per annum. The carry-over storage involves heavy addi- 
tional capital expenditure and therefore merits most careful in- 
vestigation. 

In many cases dams are so arranged that when necessary the 
water level can be raised by means of temporary flash-boards or 
permanent collapsing gates ; in this way a large extra volume can 
be impounded at the end of heavy rainfall, or before the close of 
the rainy season. With low dams the excess water can safely be 
surplussed over the crest, which acts as a spillway, and gates can 
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bo arra;iigGd so as to collapsG autoniatically wliGn toppod j a similax 
ax-raiigGmGnt is also ofton used in rivGr head- works bolow theontiy 
of a canal. OvGrhGad arrangements can then be made for raising 
the gates afresh as the flood subsides. 

Another useful arrangement is the automatic floating weir, 
ibis consists of a long hollow cylinder carried on an axle with a 
toothed wheel at each end ; the wheels engage with teeth on a 
sloping ramp, so that as the cylinder rises or falls with the water 
level it moves up or down the ramp. When at the lowest posi- 
tion a projection along the cylinder, parallel to the axis, closes the 
water-way entirely ; the first rise therefore lets more water under- 
neath than a similar rise later on. By means of valves, water 
can be let into or out of the cylinder, so as to alter its buoyancy 
as required for regulation. If suflScient excess water comes down 
the floods top the cylinder as well as flowing under it. 

With high dams the surplus water may be discharged by under 
sluices but cannot be allowed to top the crest ; more ordinarily 
a separate escape is made on a flank or saddle, either over natural 
rock cut .down to the required level or over a masonry weir. 

245. The Forebay. — Even when the pipes lead oflf directly 
from a reservoir, a section of the. latter is generally isolated to act 
as a forebay for p]:otection and control of the pipe inlets ; where 
an open channel is used the forebay also acts as a small balancing 
tank to meet minor fluctuations of load. The capacity should then 
be sufficient, if possible, to carry the plant over the period required 
for water to arrive along the channel. Thus a plant mainly 
supplying factories may rise from a negligible load up to full load 
in the course of a few minutes, and may lose its whole load equally 
suddenly, at the customary hours of opening or closing. It 
requires nice calculation to open the full supply into the open 
channel at exactly the right time so that, after traversing the 
channel for half an hour or more, it arrives just when it is wanted. 
But, while late arrival means closing down the plant, early arrival 
means surplussing the whole flow of the channel unless the fore- 
bay can carry it.* Often the ground is steep at the forebay, and 
the requisite capacity is unobtainable ; but the value of suflBcient 
storage is great. Occasionally the forebay can be earned along 

* For example, a plant with a normal load of 30 000 kW on a head of 1 800 ft. 
requires 30 000 x 15 / 1 800 or 250 cusecs, equivalent to 450 000 cu. ft. for half an 
hour. 
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the contour in the form of a greatly enlarged channel, but this is 
more expensive to build than a more nearly circular pond. The 
spill-way may he either at the forebay itself or at the most con- 
venient natural outlet farther up the channel, so long as the levels 
allow this. Each pipe should have its own intake chamber and 
screens, shut off from the forebay by gates. Generally automatic 
arrangements are made by which the gates can he tripped and 
closed off from the power station in case a break occurs in the 
pipe line. If automatic valves are used on the pipes themselves 
an air inlet is used in combination, so that the upper and slighter 
pipes will not collapse under the vacuum formed. 

246. Pipes for High-fall Turbines. — Hitherto it has been 
assumed that the water has been brought along to a point above 
the power house, with or without a storage reservoir at some 
point on the route. From the forebay at the end of the flume or 
from the reservoir, as the case may be, pressure pipes lead down 
to the turbines. Various arrangements will be found in different 
schemes ; sometimes a single pipe is used, capable of carrying the 
full supply, branches being taken off' a receiver to the individual 
machines at the turbine house; preferably each turbine and 
generator is a self-contained set with its own pipe ; or again, 
several pipes may be put in and interconnected by T or Y pieces 
with valves at the power house. Again, the pipe may be of the 
same internal diameter all the way or may be graduated, the 
lower sections being of smaller and the upper of larger size than 
the average required ; with high heads this latter method enables 
pipes of less thickness to be employed where the pressure is 
greatest. The static pressure on the pipes is that corresponding 
to a column of water of the same vertical height, whether the 
actual pipe line be long or short. It is 62-4 lbs. per sq. ft., or 
0* 433 lb. per sq. in., per ft. of head : therefore for 2 000 ft. head, 
which is by no means the highest in use, the pressure will be 866 
lbs. per sq. in. The pressure is, of course, reduced when water is 
flowing, on the other hand, it may increase greatly if the flow is 
suddenly stopped (§§ 248, 251). A detailed mathematical investi- 
gation of the forces in high pressure pipe lines and their supports 
is given by A. Hruschka, Eleh u. Maschinenbau, Yol. 40, pp. 
533, 546 ; Sc, Abstr., 305 B, 1923. 

247. Size of Pipes ; Velocity; Loss of Head.— When calcula- 
ting the size of pipes, it is well to remember that they will not 
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remain clean indefinitely ; and the loss of head increases greatly 
as the pipes become encrusted. This loss varies as the square of 
the velocity, and, as it is important to keep the net head fairly 
constant, low velocities only are permissible. About 3-4 ft. per 
sec. may be taken as an average ; 7 ft. per sec. should be the 
maximum velocity in the smallest section of a graduated pipe. 
The loss of head, jBT, may be calculated from the following formula : 
H X 4m X Ij I 2g X D, 

where v = velocity in ft. per sec. 

m = coefficient of friction {see Table 36). 

L = length of pipe in ft. 

g = acceleration of gravity ; 32*2 ft. per sec.^ at sea-level. 

D = diameter of pipe, in ft. 

From Table 36 the value of the coefficient m can be found by 
interpolation on the slide rule near enough for all practical 
purposes, for such, sizes of pipes as will generally be required. 

In a particular case the diameter of a turbine pipe was reduced 
by nearly 3 ins. in a graduated line of 16 ins., 14 ins., and 12 ins. 
pipe. An incrustation or ‘ furring up ’ almost invariably occurs 
to a greater or less extent ; it is as well to provide for it not only 
by allowing extra diameter, but also with a view to removing 
the scale after it has formed. This can he done by means of a 
turbine-type tube cleaner, which is inserted at the top and then 
driven down the pipe by admitting a limited amount of water 
behind it. Such a device, however, is unable to negotiate sharp 
bends (of which there should in any case be none), and must be 
adjusted where the pipe section alters. It is therefore advisable 
to provide a chamber of larger diameter than the pipe at all such 


Table 36 . — Values of m for Flow in Pipes, 


Diam. of Pipe, Ins. 

1 

Clean Pipes. 
m = 

Slightly Tubercnlated j 
Pipes. ; 

m = ; 

Foul Pipes, 
w = 

6 

0- 006 7 

0* 007 7 

0* 011 0 

10 

0- 005 8 

0* 007 1 

0*008 7 

14: 

0*006 5 

0*006 6 

0*007 9 

18 

0* 005 2 

0* 006 2 

0* 007 3 

24: 

0*004 8 

0- 005 7 

0*006 6 

30 

0* 004 6 

0*005 3 

0*006 0 

36 

0*004 2 

0* 004 9 

0*005 5 

! 
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points, with an isolating valve immediately beyond it, and a scour 
pipe and valve above this main valve. Here the water and the 
scale will be discharged, and the cleaner adjusted for the next 
section. In the absence of the isolating valve there is a danger 
of choking the lower sections and the turbine nozzles. 

Tables giving the loss of head at various velocities, for diher- 
ent sized pipes, will be found in catalogues of turbines ; they are 
generally calculated on clean pipes, so an extra allowance of 30 
or 40 % will be on the safe side. For small pipes, see Chapter 30. 

248. Thickness and Weig’ht of Pipes. — Turbine pipes for 
. high falls are made of steel. For exceedingly high pressures they 
are made direct from the ingot, weldless and perfectly homo- 
geneous ; ordinarily either welded pipes, for moderately high 
heads, or (for medium heads) double-riveted or single-riveted pipes 
are employed. The thickness of metal (subject to a minimum 
value of about in., to allow for possible corrosion or damage 
from falling stones) may be calculated from the formula t = pr I f 
where t is the thickness, in inches ; p the static pressure, in lbs. 
per sq. in. ; r the internal radius of pipe, in inches ; and / the 
working stress in lbs. per sq. in. Of these factors, p is known 
from the head (p = 0* 433 A), and r is found from the quantity 
of water flowing at the determined velocity 

[r = J{gxxsqcs X 45*8 J v), where v = velocity in ft. per sec.] 

As regards /, the ultimate strength of steel may be taken as 
about 25-30 tons, per sq. in. and the working stress, /, about 
9 800 lbs. for riveted pipes up to 14 000 lbs. for welded pipes. 
The figures have been arrived at by taking the ineifficiency of 
riveted joints as 0*7 (it should be as high as 0*9) and the factor 
of safety as 4 ; in that case 

/ = 25 X 2 240 X 0*7 / 4 = 9 800 lbs. 

or, omitting the rivet factor, 14 000 lbs. 

If the design, is such that the flow in the pipe cannot be stopped 
suddenly (as with deflecting nozzles), it is not necessary to allow 
for shock due to water hammer ; but if the flow can be stopped 
suddenly, this factor must be taken into account, as p in the 
formula is the static pressure. The maximum possible additional 
pressure in lbs. per sq. in., due to stopping the flow instantaneously, 
is 631- times the velocity in ft. per sec. ; in practice, it is fairly 
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safe to assume that not more than double the static pressure will 
be experienced. In such a case the factor of safety assumed above 
is halved, and becomes somewhat fine; a lower working stress 
should therefore be taken. 

The weight of plain steel tubes, in lbs. per ft. run, may be 
taken as 9*45^((^ + t), where t is the thickness of the metal and 
d the internal diameter, both in inches. For riveted pipes the 
weight so found should be multiplied by IJ in small sizes; by 
1*4 for a 20-in. pipe ; 1*25 for a 40-in. pipe ; and 1*15 over 60 ins. 
diameter. 

249. Example of Pipe Line. 

By wa,y of example, the following case may be taken. A pipe line was re- 
quired to serve a 600 kW turbine-driven generator on 1 025 ft. head. The turbine, 
at normal full load on the generator, would have to give 840 B.H.P., and with aa 
efficiency of 75 °l^ this involved 1 120 H.P. from the water, requiring 580 cu. ft. 
per min., or 9-65 cusecs. With an average velocity of 4 ft. per sec. the average 
area of the pipe would be 9*65 / 4 = 2*41 sq. ft., corresponding to 21 ins. diam. In 
this instance, owing to the high head and considerable quantity of water, it was 
desirable to sectionalise the pipes ; and the nature of the ground divided the whole 
conveniently into four parts, viz . : — 

Section (i) Eeservoir to pipe=head proper, laid on hydraulic gradient only — 
Length 650 ft. Head negligible. (Stand-pipe at the junction, 
see § 251.) 

Section (ii) Length 1 140 ft. Head 420 ft. 

Section (iii) Length 980 ft. Adding head 60 ft. ; total 480 ft. 

Section (iv) Length 1 150 ft. Adding head 545 ft. ; total 1 025 ft. 

Total length 3 920 ft. Total head, 1 025 ft. 

The pipe line decided on was as follows : — 



Diameter. 

Ins. 

Area. 

Sq. Ft 

Velocity. 

Ft. per Sec. 

Section (i) 

24 

3*14 

3T4 

„ (ii) .... 

24 

3-14 

3T4 

„ (iii) .... 

21 

2-40 

4*1 

„ (iv) .... 

18 

1*76 

56 


Taking section (ii), the loss of head at full load, when the pipes become slightly 
foul, will be — 

H = 3T42 X 4 X 0- 005 7 X 1 140 / 2 X 32*2 x 2 ft. = 1*98 ft. 

Similarly, the losses in the other sections will he (i) 1*14 ft., (iii) 3*5 ft,, (iv) 9*4 ft. 
making a total loss of 16 ft. To this another 4 ft. was added to allow for bends 
and the obstruction due to rivets, making the total loss 20 ft. 

Now these calculations relate to the normal full load of the generators, at 
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which they are able to work continuously, but all generators are designed to be 
capable of overload to the extent of at least 25 for limited periods ; therefore the 
turbines would have to be capable of giving 1 050 B.H.P. at such times. The 
velocities and losses with the increased quantity of water were therefore similarly 
worked out to see that they would not be excessive. It will be seen that in these 
circumstances the maximum velocity in the smallest pipe is 7 ft. per sec. ; the 
total losses also are reasonable, amounting to about 3 ®/o of the total head. Sec- 
tion (i), being under practically no pressure, was specified for mechanical reasons 
as I in. thick. In section (ii) the head is 420 ft., and the maximum static pressure 
180 lbs. Therefore the thickness of metal (§ 248) will be = 180 x 12/9 800 = 
0*22 ins. or in. In section (iii) the total head is 480 ft. ; static pressure, 208 
lbs. ; t = 0*22 ins. again, the diameter being reduced. Section (iv) was divided 
into two equal lengths of 575 ft. of 18-in. pipe. The pressure in the upper half 
works out to 326 lbs. per sq. in. giving t = 0*3 in., while in the lower half it comes 
to 444 lbs., giving t = 0*41 in. 

250. Special Pipes, etc. — ^In order to determine what pipes 
are required, the proposed pipe line must be surveyed very care- 
fully, the exact lie and angle of all bends being determined. A 
small error may add greatly to the difficulties of erection. Where 
the diameter alters, special tapered pipes are fitted. At con- 
venient points thrust-blocks are required, the pipes being securely 
anchored to concrete blocks at these places. Expansion pipes 
may be necessary, but if the line departs from the straight to any 
considerable extent expansion can generally take place laterally ; 
covering the pipes in and keeping them full of water reduces the 
expansion almost to zero. Bell-mouth pieces and valves are re- 
quired at the reservoir or forebay, and both main and scour 
valves at the lower end. If a receiver is employed, or if pipes 
are connected by a Y-piece, isolating valves are employed. Specials 
may be either of cast steel or, preferably, built up of riveted 
plates. On very high heads air-cushions are sometimes fitted at 
intervals on the line, to reduce the shock when the velocity 
changes ; by fitting two vessels side by side, with suitable cocks, 
the water pressure can be used to force air into the cushion 
chamber, or this may be done with a pump. In America the 
upper sections of long pipe lines, where the pressure is com- 
paratively small, are often made of wood-stave construction, built 
up on the site to save freight ; but this method has not found 
much favour elsewhere, and is useless where white ants are 
found. 

251. Pipes as an Alternative to. Open Channels; Surge 
Towers. — It sometimes happens that for one reason or another 
an open channel will not prove satisfactory for bringing the water 
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to the pipe head, or will prove more expensive than piping for 
the whole distance. If the use of piping involves a considerable 
initial length, almost horizontal, some new considerations come 
in. The first section of the pipe in the example (§ 249) is a case 
in point. Although 650 ft. long, it was sloping only on the 
hydraulic gradient^ and the normal pressure on it was negligible. 
If, however, the pipe had been entirely continuous with the lower 
sections, there would have been possible danger from water 
hammer. In order to obviate this, and to compensate for sudden 
changes in the velocity, a vertical stand pipe, open at the top, 
was placed at the junction of the first and second sections ; it was 
carried to the level of the top of the reservoir, a matter of some 
30 ft., and was made of larger diameter than the pressure pipe. 
As explained in § 232, in the case of a sudden demand, the 
volume of water stored in the stand pipe would give the main 
horizontal column of water the chance to come up to speed ; in 
the case of a sudden stoppage, the stored energy of the moving 
column could force water out of the open top of the stand pipe 
and thus reduce the shock. Surge towers have been used up to 
200 ft. in height, carried on a tower with a small balancing tank 
on the top. For similar reasons surge pipes are often erected at 
the foot of descending pipe lines, on the line side of the foot valve. 
Should the latter be closed quickly in emergency or due to sudden 
reduction in turbine load, the momentum of the quickly moving 
water in the descending pipe is expended in forcing water up the 
surge pipe. Without such a safety device, the valve and pipe 
would be severely strained or broken. Open surge-towers are 
obviously impracticable at the foot of very deep descents, but 
closed ones, with a considerable volume of enclosed air under 
pressure, are often used {Free. Amer, Soc. C.E., August, 1917). 
Automatic relief valves are another alternative. 

252. Pipe Joints. — Much ingenuity has been exercised in 
designing suitable joints for pipes under a high head of water. In 
the past, plain slip-joints and collar-and-sleeve lead joints have 
been used for moderate heads; these, however, are not satis- 
factory except for low heads. A plain flanged joint, with a 
rubber or copper ring between the faces, makes a satisfactory 
joint for heads up to 500 ft. or so; such joints have been used on 
much higher pressures. The flanges, which are riveted on to the 
pipes, should be pressed out of a steel plate by a die ; cast-iron 
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flanges are unreliable where subject to shocks. Various patent 
flange joints are also on the market, some of them suitable for very 
high pressures. Riveting the lengths of pipes together on the site 
is occasionally resorted to, but it involves high-class labour, and 
is only suitable for straight runs of large diameter. The best 
modern joints, such as the ‘ muff’ joint, depend on a wedge action 
for keeping tight, and these have the advantage also of being to 
some extent self-adjusting, both as to direction and expansion or 
contraction. Most turbine makers appear to agree that this is 
the most satisfactory high-pressure joint. 

253. Pelton Wheels and Nozzles. — In one form or another 
the Pelton wheel is almost invariably used for the development 
of power from high heads, and no description of this well-known 
impulse wheel is necessary. The peripheral speed of such a 
wheel in ft. per sec. is about 0 -45^(29^1?) ; thus on 1 000 ft. head 
it will be 114 ft. per sec., and the revolutions per minute can be 
varied according to the diameter chosen for the wheel. The 
diameter of the water jet nozzle should not be more than one- 
fifteenth that of the wheel to get the highest efficiency ; if a greater 
volume of water is required, more than one jet is used. Assuming 
that in any particular case the working head, H, and the required 
B.H-P. of the turbine are known, and consequently the quantity 
of water also, the size of the nozzle may be determined by the 
formula — 

= V(i* 28 g / ^), 

where d = diam. of nozzle, in inches. 

Q = discharge at the nozzle, in cusecs. 

V = velocity of issuing jet (§ 214 = 0’97j^(2gE)). 

If two or four nozzles have to be used, the discharge, Q, will be 
halved or quartered in working out their diameter. 

Thus if a 340 B.H.P. turbine is required to work on 1 000 ft. net head, the 
quantity of water required, Q, will be 4 cusecs, assuming 75 7o efficiency (§ 201). 

The constant v = 0*97 ^(64 x 1 000) = 245, 

hence d = ;^(1*28 x 4 / 245) = ^^0* 021 = 0* 145 ft. or 1-73 in. 

Now the peripheral speed of the wheel is 0*45^;, or 110 ft. per sec. If the diameter 
of the wheel is 15 times that of the jet, or 2*16 ft., the speed will be 

n = 0*451; x 60 / tt x D =110 x 60 / 3*14 x 2*16 = 970 r.p.m. 

Each wheel must be capable of being isolated from its supply 
pipe by a valve, apart from the regulating mechanism, and the 
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Metropolitan- Vickers Electrical Co., Ltd. 


View on the Generator Floor op the Raanaasposs Power House. 


Six horizontal double Francis type runners are placed in an open pit and coupled 
to six generators, each of 12 000 kVA, 7 500 V, 3-phase, 50 cycles, 107 r.p.nn, 
enclosed type, self -ventilated, with direct coupled exciters. Energy is transmitted to 
the substations at 50 000 V and 17 000 V. 
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Metro2)oUtan- Vickers Electrical Vo . , I Ad. 


Interior op the Tyssepaldene High-Fall Power Housi- 


Seven 4 100 kVA, five 12 000 kVA, and two 14 000 kVA genomtors arc driven by 
Pelton wheels. The 12 000 kVA sets in the foreground mn at 250 r.p.in. and 
genemte current at 12 500 V, 3-phase, 25 cycles. The outside diameter of the 
machines is 19 J ft. and the stator bore 12 J ft. Cooling air is led into the machines 
through shafts in the basement, and is exhausted into a duct leading to the fjord. 
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of tlio, ordinary type of balanced gate valve requires con- 
Hi< o! a M» |)ower where the head is great ; slow closing, however, 
is nor.eHHary, to prevent water hammer. Where more rapid 
closing iH inlnussible the Johnson balanced cylindrical valve is 
ofton^ used. This consists of a spear attached to a plunger, 
working in a cylinder concentrically placed in the pipe, which 
normally allows a full annular water-way; but when forced for- 
ward tln‘ H|K5ar closes the outlet passage. The plunger is actuated 
fliffcrcniially , by admitting or discharging water under the normal 
pipit pressure or atmospheric pressure, as the case may be, by 
mmm of an external cock. 

2 ^. Speed of Wheels for Driving Alternators. — By in- 

ctreasing the wlieid diameter the speed can be reduced ; the actual 
Hpenil (and (’onsequent size of wheel) is generally determined by 
that of the generator to be driven, unless the drive is indirect, as 
with bidts. In most cases a turbine is required for driving an 
iilhtrnfitor; aHsuming that the British standard frequency of 50 
eydm petr site. (§ 12) is used, i.e: 3 000 cycles per min., the 
r.p.in. {3 (KK) / No. of pairs of poles). This gives speeds of 
250 , 300 , 333, 375, 428, 500, 600, 750, and 1 000 r.p.m., corre- 
«{K>ndiiig to varicniH numbers of pairs of poles, and the turbine 
inuBi \m of HU(»h size as to run at one or other of these speeds. 

255. Regulation of Impulse Wheels. — The power given 
out liy II whiad at its correct speed may be diminished either — 
(r?) by diverting the whole jet from its true point of impact 
on the buckets, or 

(b) hy dciHacting part of the jet off the buckets altogether, or 
|r ) by reducing the size of the jet. 

Wliiffci II diverting nozzle is used the reducing pipe and nozzle are 
liiiiged, HO that the whole can be moved up or down either by a 
!ifiii<l-<w}ii!f!l or an automatic governor. The full discharge goes 
on, whetliisr the power generated be great or small, so it is only 
wlirire a large axeeas of water is available that the method should 
Im tiMsd. The name result is obtained by using a deflector, which 
Hiiivefi ccinciintrically with the wheel and cuts into the jet from 
alMive ; tliii method is equally rapid in action, but is only em- 
{iloyed in combination with the needle valve presently described. 
By ri*iliicitig the Kize of the jet the efficiency can be kept sensibly 
coiifitiint at ordinary loads, and the most can be made of a small 
C|iiantiiy of water. If a wheel is put in which it is known will 
voi. I 353 23 
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not be working at above half its full load for the first year or so, 
then a nozzle can be temporarily fitted to give this half load ; 
later on it can be changed for a full-sized nozzle. This is often 
done, but it leaves the question of regulation down to no load {i,e, 
light running) untouched. 

In order to keep an impulse turbine wheel running at con- 
stant speed under varying loads, it is customary to use a circular 
nozzle with a tapered spear or needle centred in it ; by advancing 
or retracting the needle, it reduces the area of the jet without 
breaking it up, and so regulates the power. The adjustment of 
the needle can be effected by hand ; if the governor acts either by 
deflecting part of the jet or by diverting the nozzle, the attendant 
can then manipulate the needle valve, and thus save water, and, 
as the effective area of the nozzle is decreased by the spear, the 
governor will bring back the jet to its normal action. Of course, 
if a sudden heavy demand for additional power arises, it cannot 
be met until the needle has been opened up, and this is not a very 
rapid process. The best possible arrangement is axi automatic 
combination of needle and deflector or diverter, the whole worked 
by the governor ; rapid alterations in the power demand are met 
by the deflector or diverter, and the needle then more slowly ad- 
justs its position to give the maximum efficiency under the new 
conditions. An ingenious method of effecting this is described in 
Engineering Record, August 16, 1913. 

The methods already described keep the jet cylindrical but 
either reduce its size or deflect it from the buckets. In the 
Seewer system of automatic governing for high-pressure Pelton 
wheels, which also embraces the two elements of speed regulation 
and pressure regulation in the pipe system, the jet is made to 
diverge instantaneously in the form of a cone, more or less 
according to the reduction in power required ; while the usual 
concentric needle is used, in conjunction with the system, for tlie 
more gradual closing down of the jet to a reduced diameter and a 
return to cylindrical form. The needle is cylindrical up to a short 
distance from its point and flat diverter plates are mounted be- 
tween the needle guide and the nozzle. Normally, these plates 
act as meridional guides and preserve the cylindrical form of the 
jet; but by inclining them simultaneously through the same angle 
a rotating component is introduced into the water flow and the jet 
diverges. The maximum divergence is about 60° when the plates 
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are turned through 22^ Part of the jet then misses the buckets, 
while part strikes the back of them ; the needle meanwhile closes 
and the plates return to their normal position. On load increases 
the needle alone acts. The diverter plates are pivoted on spindles 
carried into the centre of the hollow needle and are thence con- 
nected to the servo-motor actuated by the governor. The power 
required from the servo-motor is much less than with other types 
of governing and also varies less with the size of the wheel as, 
instead of acting at the point of maximum jet velocity, the vanes 
are working in the comparatively low velocity of the admission 
pipe round the needle. 

256. Turbine Governors. — Many types of governors are 
made for regulating turbines and impulse wheels. They range 
from simple mechanical governors, with indifferent regulation, up 
to the most exact hydraulic governors for use in hydro-electric 
plants. To actuate a hydraulic valve requires far more power 
than the corresponding process with a steam engine governor; 
and this is true also with a spear or deflecting nozzle or a com- 
bination of the two. Consequently a hydraulic relay is generally 
employed ; the centrifugal governor actuates a light relay, which 
in turn operates on the valves of a powerful hydraulic cylinder, 
the movements of which work the regulating gear. Generally 
oil under pressure is used in the cylinders, involving the use of a 
subsidiary oil pump ; this obviates all danger from dirt and grit. 
In other cases either the whole or a part of the working head of 
water is utilised, in which case a subsidiary governor pipe is 
preferably employed ; the quantity of water used is of course very 
small, but it must be entirely free from foreign matter, and two 
parallel filters must be used to enable each to be cleaned in turn. 
Notwithstanding the makers' claims, the governor is generally 
the most troublesome part of a turbine plant and the most diflSi- 
cult to keep in accurate adjustment; a large plant has on oc- 
casion been completely wrecked through a governor sticking ; it 
is, therefore, economical in the end to buy the best that can be 
obtained. It is usual to specify the foot-lbs. (from 2 000 to 
100 000) which the cylinder can deal with. In the best governors 
about -I sec. elapses between the occurrence of a change of load 
and the commencement of the movement of the turbine gate or 
spear; the time taken to close the fully open gate, etc., when the . 
whole load is thrown oft*, varies from 2 secs, upwards. These 
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intervals are sufficient to enable the speed to vary somewhat, 
although the provision of a properly designed flywheel keeps the 
variation down. If 25 7o thrown off suddenly, the 

change of speed will be from 3-5 7o ; l<>ad is thxwn off, 

the momentary change of speed maybe from 10-15 7o» 
normal value is soon restored. In the case of a gate or needle 
valve closing rapidly, there may be a considerable rise of pressure 
in the pipe line, due to water hammer ; if the line is a long one, 
special relief valves may be used, but these are less certain in 
action than surge pipes (§ 251), though cheaper in first cost. The 
best types of relief valve work in conjunction with the governor, 
and are thus positive in action. 

There is one plant in India which is worked entirely without governors, viz. 
that at Darjeeling. The governors originally supplied were actuated from the 
pressure pipes without the interposition of filters, and consequently they never 
worked well. After the whole plant had been overwhelmed by a flood and land- 
slide in 1897, the governors were removed ; and from that year up to the present 
time a coolie has been stationed at each turbine to regulate it by hand according 
to the tachometer. A subsequent extension was controlled by an oil-pressure 
governor for some time, but this also failed occasionally and took to ‘ hunting, ’ 
with the result that hand regulation was adopted exclusively. The work is purely 
mechanical and can be entrusted to a man with no knowledge, but the method is 
only suitable for small installations and where cheap native labour is available. 

257. The Tail Race. — Impulse wheels discharge their water 
directly into the tail race ; there is, of course, no draft tube. 
The tail race must be of ample size to give a free exit to the 
water, and it should have a deep water cushion to take the actual 
discharge, owing to the high residual velocity under large heads. 
Under very high pressures a water cushion alone is insufficient to 
protect the masonry or concrete. A cast-iron block or a baulk of 
timber may be used as an additional buffer, or the water may be 
made to impinge on a steel plate bent to a suitable transition 
curve, so as finally to discharge the water horizontally in a long 
water cushion. The tail race should be so designed that when 
the jet is deflected off the buckets it has an unobstructed passage 
to the outside air through the tail race passage. 
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CHAPTER 11. 


MAXIMUM DEMAND, LOAD FACTOR, AND 
DIVERSITY FACTOR. 

259. Maximum Demand. — Where an electrical installsb-tioii 
draw^ its supply of power from the mains of a public coin.paii3r^ 
there is always power available for every lamp or other consonii l iM’ 
device therein, although, as explained in connection with -fcaii’i ^ ^ 
(§ 269), the cost of the supply per unit may vary according t>o 
proportion of the apparatus in the whole installation in use aL one 
and the same time; where, on the other hand, the supply in ol>«- 
tained from private plant, the engines and dynamos muBt> 
large enough to meet all demands on them, unless accumulait< >i*H 
are also installed. The initial cost of the plant depends on it.H 
size and the duty it is called on to perform. It is seldom ncioew*- 
sary to install plant capable of supplying power to every 
etc., at one and the same time, and in order clearly to explain it*" 
principles on which the size of plant must be based certain teclnxiii eal 
terms must be introduced, defined, and explained, viz, ' maxiinxiiiii 
demand,’ 'load factor,’ and ‘diversity factor.’ The maxiimiiri 
demand is really self-explanatory, representing in any part>icnlai* 
case the actual maximtim number of watts or kilowatts req[xiix*i tf I 
for a specific purpose. Thus one particular person’s maxim 11114 
demand may be equal to the combined power required by all tJit* 
apparatus he has installed, e,g. a small workshop with a 
motor and nothing else. Another person’s maximum domaitcl 
may be only three-quarters or one-half of what would be aaeecicsf I 
by all his apparatus, owing to the use of the different itemH 
being coincident in time. The maximum demand on a feeder* cji* 
any line supplying a number of different persons is, ther-ef ore, 
the sum of all the actual simultaneous demands (not necoBBiirily 
or even generally their maxima) from the individuals, at tlio times 
when this sum reaches its highest point. The maximum dema#ii« | 
on a power house is, in the same way, the sum of the simulta^xiooiiM 
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demands on all the outgoing feeders or lines, at the time when 
this reaches its highest point. 

260. Maxitnura Demand : Analogy from Water-supply and Steam. — 

Where electric supply is in question a clear comprehension of the meaning of 
the term ‘ maximum demand ’ is essential, and this may best be obtained by con- 
sidering analogous conditions in other branches of engineering. The simplest 
illustration may perhaps he taken from water-supply. In the roads are large 
water mains, and in a house are pipes and taps capable in the aggregate of dis- 
charging a certain quantity of water in gallons per minute ; if there were a clear 
passage from the mains to the house an unrestricted supply, and perhaps great 
waste, would result; and in order to prevent this all the water from the mains has 
to pass through a small ferrule. Leaving out of consideration the regulating 
tanks in the house, which modify the conditions in practice, it is evident that if 
all the taps are left open the ferrule will limit the maximum rate at which the 
supply can be drawn of to a given number of gallons per minute ; in other words, 
the ferrule is designed to limit the * maximum demand ’ to what is deemed neces- 
sary for the house. The occupier may draw off water at this maximum rate for 
the whole 24 hrs. or for 1 hr. only, or he may never require to use the full 
capacity of his ferrule at all ; but he .can never draw off from the mains at a rate 
in excess of what the ferrule allows. 

A somewhat more complicated, but perhaps closer, analogy may be taken 
from steam supply. Suppose a number of small industries to be concentrated at 
a certain spot, each having a small boiler and engine, some working, all the 24 
hours, some during the day only, and some during the night only. A member of 
the community offers to puc up a large central battery of boilers and to distribute 
steam to the colony, thus saving the labour and waste involved in a number of 
inefficient units. The profit to be obtained from this venture will depend on the 
total amount of steam sold at a remunerative rate, and m fixing this rate the 
owner will have two factors to consider, viz . : — 

(a) Capital charges, which ace independent of the amount of steam generated 

and sold, but which depend on the total steaming capacity or horse- 
power of the boilers installed ; and 

(b) Charges for fuel, etc., varying to a great extent with the total amount of 

steam generated. 

We have here then two distinct factors, viz. : — 

(i) The maximum horse-power which the boilers are capable of supplying ; and 

(ii) The total horse-power-hours which they do in fact supply. 

Before laying down his plant the supplier of steam will want to know the re- 
quirements of each customer; not only the total amount of steam that customer 
will want during the day, but also the maximum rate at which he will require 
steam at any one time, %.e. his maximum demand. This will be proportional to 
the maximum horse-power in use at any time, which will generally be much in 
excess of the average. This maximum demand is independent of time ; it may 
last for half an hoar or five hours. Having thus ascertained the maximum de- 
mand of each consumer, and the hours when he will probably be using this 
maximum, the supplier will be in a position to calculate the sum of all the 
maximum demands at all the different hours, and thus to ascertain the maximum 
rate at which he will ever have to generate steam ; this will determine the number 
and size of the boilers and the prime cost of, and capital charges on, the central 
boiler installation. 
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It is quite clear from tlie above that the rational method of charging a con- 
sumer for the steam supply would be at a certain rate per pound, covering the 
fuel and other working costs, splits an amount covering the capital charges for 
which the particular consumer had been responsible by his maximum demand, 
i.e. by his method of demanding supply. The former rate of charge would be the 
same for all consumers, the latter would not, but would be heavier in proportion 
for those who demanded steam at the greater rate. This is precisely the basis of 
the maximum demand tariff for electricity supply, to which reference is again 
made in §§ 264, 272 , 275, et seq. 

261. Load Factor. — In technical phraseology the load factor 
is the ratio between the actual output of a power station in units 
and the output that would result if the average demand was 
equal to the maximum. Put in the form of an equation it is — 
Load Factor = 

Number of units sold x 100 0 / 

Max. simultaneous load on feeders in kW x Hours of supply period / o* 

For example, a plant has been laid down consisting of three sets each of 100 kW, 
of which one is kept in reserve. The working sets can then give 200 kW, and it 
may be assumed that the maximum load on them reaches this figure at some 
time during the year. Now if the average demand were equal to the maximum, 
the load would be 200 kW throughout the year, and the total output of the plant 
would be 24 x 200 x 365 = say If million units (kWh). If the actual output is 
1 million units per annum the annual load factor is 57 and so forth. 

Sometimes it is more convenient or more logical to deal with 
the daily, weekly, or monthly load factor. The only difference is 
in the period over which the actual output is reckoned and during 
which the maximum demand is observed, but the monthly load 
factor is generally different from the annual load factor and from 
that reckoned on a 24-hr. basis. 

The load factor of an individual is similarly calculated from — 

Consumer S load factor ( /o) — Maximum demand x HourTof^^ penod’ 

Except in the case of supply from a plant that is only working 
for part of each day, the hours of supply are always reckoned as 
24} per diem or 8 760 per annum. The importance of good indi- 
vidual load factors, i.e. such as approach as near as may be to 
100 will be appreciated as we proceed. Of all work using 
electrical energy the various electro-chemical industries have the 
best individual load factors ; such factories may work for 24 hrs. 
a day throughout the year. This is also sometimes true of pump- 
ing plants, especially in mines, but here the power required will 
be a comparatively small proportion of the total power used for 

360 


LihM) VM^nm AND DIVKRSrrV FAC^TOIi i 362 


all li<>^hiing averaijinf^ about 'M hm. |hu' dioio 

liiiH an atiiiuiil loit«l fart^irof - 40 "4,. IVi va to light! u|^ 

aSHp 

liiiH t!io Wfirnt luiul fa(*tor (>f all, oftcui not inorii than 5-8 '7^^. 

262 , Diversity Factor. -TIh) toriu Mivornity faotor ’ in uii- 
furtiiiuiy*!y ihdinoii in Hovin*al diflorout ways, and although tho 
t*x|ir*rt oiiii giu!**rally toll wliat i.s iiieaut this h'ads to ooufuHloiu 
It is Houi«*tiuif*H ntaiod tliat divcu’Hity I’acttor ratio ol ac.ttial 
liiiixiifimii loa«I on htodors U> tho mun of tlu^ luaxiinuui d(uriau<lH 
i»f all rouHiuni’rH, or, in tho Ibrni of au t^<|uaiioii— 


1 H’vor.Hity I’lMl.or 


Max. tifwl CHI fcHulctrH in kW x UK) 

.Sum of c!Mimuin<}r.H’ inaxiriuiiu donuunlH lu kVV 


r/ '7.,. 


TItiiH, il ilw niaxsifnilii lf«id »Hi thn Umb^rH in 100 kW and thn Hum <»f tdn imlt- 
viiiiiiil h*mli in kW, ilici divcimity in UK) k KK) / ‘200 00 '7u» 


Clii tlif^ tiihor liiiud, tho Intoriiational Ehjctrotcuthninal (Join- 
niii^Hioii ill drdinod <iivorHity factor an ‘ thfi uinnlKvr olitaiiUHl 
by flividiiig fin* huiii of tin* raaKimtnu ioadn of th(% individual 
eoriH»iiii*m .HUjijiliial by any workn during a given period of tinu*. 
hy tile iiiiixiinunt load didivarnd froni the worka during the*. Haino 
piTiod/ Tliin given a number iuntf^ad of a jau’centage, -Le. 


j . . f .# , 811111 nf mriHumcirii* infodirium dnniandM in k W 

Div erail} liUJiOi Maxiiimm Uiiul cm fiMHlnm in kW 

III ilii? HlviHi alwcvit llda would lio *i(K) / UX) ‘ 2 . 

A leading iirlide in T/ir Klectriidan { Vol* 72, p. 872)HUpport^ 

tliiH lunm authtritotivis ilttfinition, aJi<l it Ih to ho hojHul 

that Hiufi»ri»ily will j>roHontly Vhj niiicluxl. On tho flrnt ImniM si. 

(iivomity faoUir involvoH a lowor poi-wsntugo, which iw con 
trftflictory a«*l oonfuaing; on tho I-K.0. ItiiHiH a bf^ttor fachw in 
alho r«j»rcwi»tc.! hy u Iarg«> iiuinlwr, an it naturally Hhouhl 1 h!i. 
Tho wiiito r.-HuIlM will of oohi-ho lat obtaiiiod if tho Ioadn aro Htatod 
iii H,F. >ir in ainjmmH at thn doclarod |)roHKuro of HUpply. 'I’ho 
• given |t**rio»l of timn ' may Ihj a day or a month or a yoar, acconl- 
iitg ti> tho iTircntiiNl,an<»i», aii'i the, divoraity factor may ho that on 
on»! fo««l«r, or other lino, or on a whole worlcH. (J. W. (Jharhw- 
worth (/*;/. lirv., Vol. Hit, p, HH) gives tho following values for 
tho diversity fa«;U»r of various Itjads : lighting id- 1*5, avoragtf 
I '25; |s>w«r I'odHi, average ‘ii>\ heating and WKiking 4-10, 
avoragM "•<), Kxainpfos foll<»w later (§ 2ti4). 

ntil 
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263. Diversity Factor and Load Factor ; Analogy from Steam. — Pursuing 
the example of § 260, it will be seen that if the maximum demands of all the 
consumers happen to be required at the same time the plant must be capable of 
supplying the sum of them all, and the capital cost will be very high. On the 
other hand, it will often so happen that the hours at which the different consumers 
are using their maximum demands differ greatly ; in this case the capacity of the 
boiler need only be such as to meet the highest sum of maximum demands at any 
one time, and the installation is said to have a good ‘ diversity factor.’ Obviously 
with a good diversity factor the capital charges are reduced and lower inclusive 
rates can be charged. 

If one of the consumers, in the case we are considering, required steam at a 
steady rate throughout the whole 24 hrs., so that his maximum demand were 
equal to his average demand, he could evidently be supplied profitably at a lower 
rate of charge per lb. of steam than another consumer with' the same maximum 
demand and a very low average demand. The former would have a good ‘ load 
factor,’ viz. 100 %, and the latter a bad one, perhaps 10 °/o. In the case of the 
central boiler plant, if in the course of working the conditions were such that all 
the boilers were working near their full power all the time the plant would be 
said to have a good ‘ load factor,’ and the working costs would be low. Both these 
two varieties, viz. consumer’s load factor and plant load factor, are met with in 
electric supply. The most favourable conditions for cheap supply will obviously 
be those where the size and cost of the plant is low, owing to a good diversity 
factor, and the daily output of each unit of plant is large, owing to a good load 
factor. As shown by the example in Fig. 50, § 266, a high diversity factor is im- 
possible if individual load factors are very high, but this does not matter because 
the large plant required (owing to the low diversity factor) is highly productive 
(owing to the high load factor). 

264. Maximum Demand, Diversity Factor, and Load 
Factor in Electric Supply. — If the explanations in the preceding 
paragraphs have been followed, it will be evident that they can 
be translated into electrical terms. Horse -power and electrical 
power in kilowatts are convertible terms, both representing the rate 
at which power is being used : so also are horse-power hours and 
kilowatt hours or units, both representing the amount of power 
used : and yet the confusion of watt and watt-hours is a constant 
source of difficulty. Substituting motors or other current-con- 
suming apparatus for the independent engines, and an electric 
power station for the boiler plant in the above illustration, the 
conditions remain precisely as stated. If the maximum demands 
of the various motors or other apparatus (expressed in kilowatts) 
occur at all hours of the day and night, the diversity factor of 
the power station will be good, and the plant will be comparatively 
small (and inexpensive) in proportion to what it would be if the 
contrary were the case. If, in addition, the demand for power 
throughout the working hours is fairly constant, the plant will 
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have a good load factor, and 'will be earning a good return on its 
cost all the time. The consumers’ maximum demands and the 
times at which they occur will always therefore be of importance. 

The ideal case of a station supplying a numher of loads each 
of which is constant during, the 24 hrs. is unattainable in practice. 
The actual total load on the station varies from honr to hour and 
is represented by a more or less irregular curve (see Figs. 49-51, 
§§ 265, 266). Addition of a constant 24-hr. load to the existing 
load curve will improve the load factor of the station, but a yet 
greater improvement therein would be effected by adding the 
same additional output during off-peak hours so as to increase 
the total output without increasing the maximum load. In other 
words, whilst the percentage value of the peaks in a load curve 
can be reduced by adding constant loads to the latter, better 
results can be obtained by adding loads which will fill up the 
hollows of the curve. 

From the supplier’s point of view electric lighting (other than 
in streets) is by no means a satisfactory Toad,’ owing to the 
limited hours 'of use. Plant lying idle is costing as much in 
capital charges, for interest and depreciation, as when it is fully 
loaded. Consequently, by the bait of a low tariff for other pur- 
poses, undertakers seek to encourage the use of electrical energy 
in more profitable directions, to the advantage both of the supplier 
and consumer. In the domestic field, these applications of elec- 
tricity include electric fans and motors, heating air or water, 
cooking and minor domestic apparatus. These have a far better 
diversity factor than lights. 

265. Some Practical Examples. — In very small lighting in- 
stallations the maximum demand may amount to 80 or 100 of 
the wattage of lamps installed ; and, on the other hand, it may 
amount only to 33 or so of the wattage installed in a large 
installation. In assessing prinaary charges under the pre-war 
‘telephone’ lighting-tariff (§§ 272, 27^3) atMarylebone (London), 
the maximum demand assumed was 70 7o wattage installed 

for lighting, excluding convenience lights (Le, lamps in cupboards, 
cellars, pantries, and so on). Probably it is not far wrong to 
assume 66 7o maximum demand on the first 10 lamps in a 
domestic lighting installation and 33 7o thereafter, or, say, 50 °/^ 
of the total lighting wattage installed in an average middle-class 
home. According to Mr. Seabrook (Tourn. 48, p. 394), 
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at 8 P.M., and thereafter dropping down to a very small night load, the whole 
curve corresponding to the consumption assumed; its load factor is only 13 7^,. 
Load (iv) yields a much more uniform curve than the previous one ; it will he 
lowest in the early morning, will be at its maximum in the early afternoon, will 
drop somewhat during the hours when people are out of doors, will rise again 
about the dinner-hour, and will then drop to the steady all-night load ; its load 
factor during the six-month worhing season to which the curve relates will be 40 7oi 
whereas- it will be practically zero during the rest of the year. Load (v), the com- 
mercial motor load, will come on in the early morning, will probably drop some- 
what at midday, and will, for the most part, stop about 6 or 7 p.m. ; its load factor 
will he 35 By adding the ordinates of all the curves hour by hour the total 
load curve (vi) is obtained, showing a maximum load on the plant of 650 kW. As 

(i) Public Lighting. — 50 kW steady 

load for an average of 12 hrs. a 
night throughout the year — 

6 P.M. to 6 A.M. 

(ii) Pumping. — 40 kW steady load 
throughout the 24 hrs. all the 
year round. 

(iii) Private Lighting. — 650 kW of 
lights installed ; maximum de- 
mand 350 kW between 8 and 9 
P.M. Consumption equal to 
2 hrs.’ use of all lamps daily 
throughout the year. Practi- 
cally no all-uight load. Maxi- 
mum load variable. 

(iv) Fans. — 350 kW of fans installed ; 
maximum demand 250 kW be- 
tween 1 P.M. and 4 p.m. A good 
all-day load and a fair all-night 
load for 6 months in the year. 

(v) Motcyrs . — 400 kW installed; 
maximum load 180 kW between 
9 A.M. and noon ; a good load all 
day and practically no night load. 

the values assumed are maxima, the average values will he considerably lower, 
especially during the season when fans are not running. The daily load curve, of 
which Fig. 49 is an example, varies of course from day to day. Many engineers 
have their daily load curves drawn out on cardboard and then cut out and stacked 
vertically in a box, like a card index catalogue ; the resulting mass of cards, when 
compressed close, gives a solid graphical representation of the conditions obtaining 
over any period. 

From the curves in Fig. 49 much information can be extracted. In the jSrst 
place, the area of each to the base line is a measure of the units consumed. In 
the figure as reproduced, the horizontal scale is 0* 075 in. to 1 hr. and the vertical 
scale is 0* 075 in. to 20 kW, so that each 0* 075 in. square (ie. 0*005 64 sq. in.) 
corresponds to 20 kWh ; in practice larger and more convenient scales are used. 
The ratio of the area under each Qttxve to the total area of the rectangle in which 
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Fig. 49. — ^Load curves for a small 
town. 
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it is contained is the load factor of that particular curve, giving the results enumer- 
ated above. The peak of the aggregate curve shows the number of kilowatts the 
plant must be capable of giving, and the ratio of the area of that curve to its 
rectangle gives the load factor of the plant on the particular day for which it is 
drawn. If similar curves are made for average summer and winter conditions, 
the annual consumption and load factor can be found from the various areas. 
Table 37 gives the probable results under the conditions set forth. 


Table 37. — Illustrating Conditions of Supply. 


Nature of Load. 

Kilowatts 

Connected. 

Max. 

Demand. 

kW. 

Average Demand and 
Hours of Use. 

Units per 
Annum. 
kWh. 

(i) Public lights . 

’ 50 

50 

50 kW for 12 hours 
for 365 days 

219 000 

(ii) Pumping 

40 

40 

40 kW for 24 hours 
for 365 days 

350 000 

(iii) Private lights . 

550 

350 

2 hours* use all lights 
per day 

400 000 

(iv) Fans 

350 

250 

100 kW for 24 hours 
for 180 days 

430 000 

(v) Motors . 

400 

180 

125 kW for 12 hours 
for 365 days 

532 000 

Total 

1390 

870 

« 

— 

1 931 000 


It will be observed that the total in the M.D. column is 870 kW, whereas in 
' Fig. 49 it is only G50 kW ; this is due to the fact that in practice the various maxi- 
mum demands are not simultaneous, or, in other words, to the diversity factor of 
the varioiLS loads. For that matter they would not even occur on the same day, 
except by coincidence. With the assumed steady street lighting and^ pumping 
the load factor over the whole year will be an exceptionally good one, viz. 
1 931 000 X 100 / 650 x 365 x 24 = 34 ®/o ; it will be higher than this on the 
'’.urve, but there all the maximum loads are assumed to occur at different times on 
he same day, which would hardly be likely to happen. Actual computation 
hows that the total load curve in Fig. 49 has an area of 11’3 sq. ins., while the 
jontaining rectangle is 21-7 sq. ins. The ratio between these shows a daily load 
factor for this one day of 52 or 8 160 units generated in one day against a 
possible 15 600. The total units per annum shown in Table 37 are less by about 
36 °/o, viz. 1*9 million against 3 million. 

The diversity factor for this particular day will be 870 / 650 = 1*34 or, if ex- 
pressed by the first method explained in § 262 as a percentage, 0*75 °/o. This too 
will vary from day to day. 

Reference to Fig. 49 shows that the plant is only fully loaded 
from about 6-10 P.M. It would pay to take additional load at 
a very low rate if these hours were excluded by agreement. In 
the U.S.A. a large business has been worked up in charging 
batteries for electric automobiles (Chapter 36) during the hours 
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of light load. It is said that 65 million units per annum are 
used for this purpose. 

Elsewhere arrangements are made so that pumping loads, or 
water heating, are carried out at all hours of the day except just at 
the peak load ; in this way they may add greatly to the number 
of units usefully sold without causing any addition to be made 
to the size of the generating plant. Furthermore, the actual cost 
of these units to the supplier is merely the extra cost of fuel re- 
quii'ed to produce them, and therefore far below the total average 
cost of all the units sold, so that such off-peak vsupply is doubly 
profitable. 

266. Industrial Load Curves. — Fig. 50 shows a load curve such as will be 
more or less typical of a water-power plant supplying electro-chemical or metal- 
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Hours 

Fig. 50. — Load curve typical of electro-chemical or metallurgical industries. 

lurgical industries. In this are shown four separate load curves and their sum- 
mation. 

No. 1 takes about 2 000 kW from 6 a.m. to 6 p.m. 

Nos. 2 and 3 take about 3 OOO and 4 000 kW respectively throughout the 24 
hrs. on some continuous process. 

No. 4 represents the local load of the town and of the continuous factories in 
lighting and other subsidiaries, rising to a maximum of 1 800 kW. 

Here the load factor of the whole supply is about 86 — even this is some- 

times exceeded in such works — and the diversity factor of the 4 separate loads is 
11 700 / 10 000 or 1*17. The individual load factors are so high that there is not 
much room for diversity. 

The curve in Fig. 51 is an ideal one, with a diversity factor and load factor 
such as the station engineer seldom realises except in his dreams ; but neverthe- 
less it represents an ideal towards the attainment of which he can do a great deal. 
Only the peaks of the several loads are shown, and the summation curve is there- 
fore only approximate. Inspection, however, shows the combined peak load to be 
about 1 640 kW at the time when all the various lighting loads overlap with cook- 
9 or perhaps 7 p.m. in actual fact. The individual peaks are — 
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CHaPTEE 12. 

ELECTRICITY COSTS AND TARIFFS. 

268. ‘ Undertakers’ and the Sale of Energy. — Where a public 
company or local authority, known in British law as ‘ undertakers,’ 
is supplying energy under an ‘ order ’ within any ‘ area of supply,’ 
it is generally cheaper to purchase from the undertakers rather 
than to generate from private plant {see, however, § 185), not- 
withstanding the fact that the imdertakers must make a profit on 
their sales. For, in the first place, the supplier can lay down a 
large plant at a much lower capital cost per horse-power or kilo- 
watt than a private person can lay down a small plant ; secondly, 
he can keep his plant working at a better load factor (§ 264) than 
any private person, owing to the diversity of uses to which difier- 
ent consumers will put the power and the diflerent times at which 
their various maximum demands (§ 265) will occur, ie. the good 
diversity factor (§ 264) of the load. Even so, the actual works 
cost of generating a unit varies greatly in different undertakings, 
from about 0-9d. up to 8 -4(1 (Table 38, § 269); and the selling 
price varies accordingly. The most important item in the costs 
is the price of fuel (Tables 25, 26, § 194), and it is therefore often 
tacitly assumed that a hydro-electric plant will always be able to 
supply energy cheaper than a steam plant ; this, however, is not 
necessarily the case, as the capital cost of water-power develop- 
ment is generally comparatively high (Table 35, § 216). 

269. Analysis of Cost of Public Supply.— In order to realise 
the great variations in the working expenses of different under- 
takings, reference may be made to the tables published periodi- 
cally by the Electrical Times, analysing the costs in hundreds of 
British power stations. There are certain general considerations 
applicable everywhere. In the first place, certain items of cost 
vary approximately with the output of the plant from time to 
time, viz. fuel, oil, water; engine-room stores; and (to some 
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Table ZB. -Works Costs per Unit (kWh) in Great Britain. 

to 

attributable mainly to differenceQ berLin A lacousistenoies m this table are 
and to the fact tLt the McTsed rfh^ 

same groups of station“ heavy-faoe figures do not apply to the 


Plant Installed 
(Approximate). 

Output per Annum. 

Load Factor. 

Fuel. 

— 1 

Oil, Waste, Water, 
Stores. 

Wages. 

Repairs and Main- 
tenance. 

Rent, Rates, and 
Taxes. 

Management, 
Salaries, Office and 
Legal Expenses. 

Total Works Costs. 


kW. 

II 

gag 

°/ 

10' 

Pence per Unit. 



300 

rO-27 

0-21 

iO-M 

0-30 

lO\W 

20 

12 

15 

m 

19 

0'53 

216 

0'5S 

173 

0-52 

0-10 

0*23 

0'09 

0*11 

0-06 

0*32 

113 

0*30 

0*72 

0*26 

0*45 

0*96 

0*38 

0*86 

0*28 

0*14 

0*27 

0*14 

0*20 

0*10 

0*63 

1*32 

0*43 

075 

0*36 

2*17 

6*10 

1*87 

4*39 

1*58 

1000 

(0'76 

0-97 

| l *4 

lU 

isl 

20 

m 

24 

0'51 

1*95 

0-34 

1*88 

0^33 

0-05 

0*08 

0^05 

0*24 

om 

0*25 

0*60 

0*15 

0*46 

0*13 

0*28 

072 

0*20 

0*66 

0*10 

0*12 

0-24 

0*10 

0*09 

0*06 

0*33 

0*59 

0*15 

0*49 

0*10 

1*54 

4*20 

0*99 

3*84 

0*75 


10 000 

in 

'13 

17i 

18 

21 

24 

25 

0'29 

0*99 

0-28 

0-89 

0-17. 

0-03 

0*03 

0'02 

0*03 

0-01 

0*11 

0-22 

0*10 

0*22 

0*05 

0*15 

0*30 

0*13 

0*29 

0*11 

0*18 

017 

0*11 

0*09 

0*05 

0*14 

0*24 

0*12 

013 

0*09 

0*90 

1*95 

0*76 

1*66 

0*48 


36 000 

to 

45 000 

f 32 J 

l46 

m 

21 

m 

0*81 

0‘21 

0-57 

0*01 

0-01 

0*01 

0*19 

0*08 

0*13 

0*31 

0*08 

0*17 

0*36 

0*15 

0*12 

0*27 

0*10 

oil 

1*98 

0*63 

1*13 


130 000 

145 

21 i 

0*56 

0-02 

0*17 

0*23 

0-17 

012 

1*28 


100 

292 

7 600 

dm 

0'06 

017 

M-6 

10‘2 

10 

m 

29 

20 

1-29 

3*90 

0’19 

0*38 

0*13 

019 

0*01 

0*01 

0- 63 

1- 61 
0-04 

017 

0*09 

1*15 

0*03 

013 

0*16 

0*08 

0*03 

0*08 

0*99 

1*14 

0*02 

012 

4*10\ 

sm 

0*32) 

0*89/ 

Highest 

Lowest 
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load factor of the whole number is 18’6 (20 in 1915),* and 

the average works cost is3'07d. /kWh (0'87d. in 1915). Data 
relating to some 50 stations have been used in compiling Table 
38. As would be expected, the larger the undertaking, the 
lower are the costs ; and the higher the load factor for any given 
size of plant, the lower are the costs. Fuel generally accounts 
for one-third to one-half of the total works cost in England [cf. 
Tables 25, 26, § 194). In such countries as India, fuel generally 
costs proportionately more, especially where it has to be carried 
into the hills; labour may cost somewhat less, but supervision 
costs more. 

270. The Sale of Electrical Energy by Meter ; Flat Rate. 

— The only method of ascertaining the value of the supply, and 
charging for it, which is readily understood by the public, is that 
of sale by meter at a fixed price or ‘ flat rate ’ for each and every 
unit consumed ; consequently this method is in more general use 
than any other system of charging. It has the disadvantage, 
from the central station point of view, that it does not encourage 
the most profitable type of consumer, i.e. the consumer who, by 
using energy when the average demand is small, is moat profit- 
able to the central station (directly), and hence of greatest benefit 
(indirectly) to the consumers as a whole. The supply meter 
registers on its dials the actual number of units supplied ; some- 
times these units are charged for at a flat rate of (say) 2d., 4d.,or 
6d. ; sometimes discounts are given either to very large consumers 
or to all who pay prompt cash ; again, two meters are sometimes 
installed, one for registering energy used for lighting, and the 
other for registering energy used for other purposes, different 
rates being charged in the two cases (§ 275, A and B). The 
technical features of various types of supply meters are discussed 
in §§ 113-117, and the correct method of reading meter dials is 
explained in § 113. Meter testing is dealt with in Chapter 40. 
Most supply companies arrange to test meters specially on con- 
sumer’s request, the cost of the test being borne by the consumer 
if the meter proves to be accurate within the limits laid down by 
law, i,e. if the error does not exceed ± 3 7o between full load 

* The lower average load factor in 1922 compared with 1915 is probably due to 
some of the generating plant installed for war service being lightly loaded during 
the post-war industrial depression; the kWh /annum increased greatly during 
the war (§ 197) and the load factor will rise as industrial conditions improve, 
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and full load and under normal supply conditions in meters of 
less than 3 A capacity, or ± 2 7o larger meters. 

271. Minimum Quarterly Charge. — The Electric Lighting 
Orders granted by the Board of Trade since 1890 generally pro- 
vided for a minimum quarterly charge to consumers, for any 
amount up to 20 kWh, of twenty times the authorised maximum 
price per unit. The intention of this provision was to ensure to 
undertakers a reasonable return from each consumer in respect of 
the capital expenditure incurred to enable the desired supply to 
be available at all times to all consumers. In the case of large 
undertakings supplying industrial districts, lighting consumers 
now represent so small a fraction of the total load that it is gener- 
ally possible to supply them without insisting upon payment of a 
minimum quarterly charge. It should be borne in mind, however, 
that every consumer may justly be expected to yield a fair return 
upon the capital expenditure involved in rendering supply avail- 
able to him, and that this capital expenditure has increased 
(actually, though not relatively ; Table 25, § 194), due to the 
general rise in costs, whereas the use of high eflBciency incan- 
descent lamps and the operation of the Summer Time Act 
(Chapter 25) have reduced greatly the energy consumption of the 
average lighting installation. These factors bear particularly 
heavily upon the smaller electricity undertakings, which mainly 
supply a lighting load and operate at low load factor, and in such 
cases it is economically essential to impose a minimum quarterly 
charge or to secure by other means a reasonable return for the 
facilities provided. 

Domestic and shop-lighting consumers are the ones principally affected by 
minimum-charge regulations and that mainly during the summer months. In 
typical cases, the occupiers of small houses and flats with, say, 400 W of lamps 
installed, consume about 30 kWh during the 3 months April 1 to June 30 with 
Summer Time in operation. Circumstances vary, but in few, if any, cases would 
the revenue from the sale of 30 kWh cover the legitimate standing charges on a 
400 W installation in addition to the actual cost of the energy consumed, even 
'When the price per unit is 50 above the pre-war figure. To allow for this, the 
Electricity Commissioners recommend that a minimum quarterly charge be allowed 
on the following basis : — 

(a) In respect of each of the two winter quarters, for any amount up to 15 units, 
fifteen times the authorised maximum price per unit ; 

(h) In respect of each of the two summer quarters, for any amount up to 10 
units, ten times the authorised maximum price per unit. 

272. Tariffs Based on Maximum Demand. — (a) Fixed 
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Price per Kilowatt . — The considerations discussed in §§ 259, 270 
have led to the introduction of various tariffs based entirely 
or mainly on the maximum demand of each consumer, with the 
twofold object of increasing the profits of the undertaking and 
diminishing the price per unit paid by the consumer. These two 
apparently inconsistent aims can only be reconciled when the re- 
sult of such a tariff is both to enhance the output and improve 
the load factor of the station; the latter consideration involves 
the encouragement of the use of power for fans, motors, heating, 
etc., during hours when lights are not required. 

Whereas lighting was the main, if not the only duty of fche 
early central stations, and industrial power has become the prin- 
cipal factor during recent years, it is now realised that domestic 
applications (other than lighting) are capable of being developed 
so as to constitute the greatest load on the station, as well as the 
most desirable from the standpoint of high average load factor ; 
{see El. Bev., Vol. 86, p. 675). 

A special indicator is used to record the maximum demand 
(§ 117). A warning device or ‘current limiter' is sometimes 
added, which rings either a bell or a buzzer when a predetermined 
maximum is reached, or, alternatively, interrupts the supply at 
intervals of a second or so. 

The simplest tariff based on maximum demand is that which 
makes a fixed charge per kW of maximum demand, regardless of 
the consumption in kWh and of the purposes to which the current 
is applied. This charge may be so much per annum per kW, 
this being a common basis of charging where industrial loads are 
supplied from hydro-electric stations or from overland power 
transmission systems. Alternatively, it may be per quarter, per 
month, or per week in the case of small power users and for 
domestic supply. In the latter case the charge frequently takes 
the form of a fixed weekly payment per lamp of specified type 
and candle-power (§ 275, E). Obviously this is simply a fixed 
charge per week per kW of maximum demand, though it is 
referred to a basis more easily understood by, and hence more 
appealing to, the class of consumer to whom it applies, viz. 
artisans, tenement dwellers, and so on. So far as the authors are 
aware, this is the only form in which the ‘ fixed charge per k W ' 
tariff is applied in Great Britain, but this form of tariff is used 

considerably abroad in connection with heavy power supply from 
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hydro-electric stations. In the latter case, the load factor of the 
industry concerned is known, or can be determined with reason- 
able accuracy, so that, in making a fixed charge per month per 
kW, the supply engineer is really making simply a lump charge 
for a certain number of units at a price per unit which he con- 
siders profitable. In street lighting contracts a fixed charge per 
lamp per annum is frequently agreed upon, but the total annual 
consumption is then known within very close limits, and the re- 
marks in the previous sentence apply with particular force. In 
domestic supply, however, the load factor is a much more variable 
factor, and there is considerably greater risk of current being used 
recklessly. The use of a ^current limiter,’ cutting off supply or 
actuating a trembling contact in the event of the demand exceed- 
ing a predetermined maximum, prevents more lights being used at 
once than are contracted for by the consumer’s payment. On the 
other hand, the cost of a limiter is at least comparable with that 
of a meter. As regards preventing lamps being kept alight 
needlessly, this can be done more or less satisfactorily by making 
the consumer pay for lamp renewals and by refusing to renew 
contracts in the case of flagrant offenders. The longevity and 
cheapness of modern filament lamps makes the ‘ pay-for-renewals ’ 
arrangement less effective than formerly as a safeguard against 
current wastage. 

In St. Marylebone (London), where the ‘ fixed charge per lamp ’ principle is 
applied in artisans’ dwellings, the charge is calculated in the case of kitchens and 
living-rooms so that if the consumer used his lamps day and night the price ob- 
tained per unit would be from 0'7d. to l*2d. The actual price is 7d. per week per 
60 W (or fid. per 30 W) tungsten lamp for living-rooms ; and id. per week per 
30 W (3d. per 20 W) metal filament lamp, or 2d. per week per 8 c.p. carbon fila- 
ment lamp for bedrooms. If the living-room lamp he used 5 hrs. a night, this 
charge corresponds to about 3 ’id. per kWh in the case of 60 W lamps, and 5‘7d. 
per kWh if a 30 W lamp be used. It should be noticed that the fixed charge 
covers lamp renewals, and a sum calculated to write ofi within a reasonable period 
the capital spent on wiring. 

(6) standing Charge plus Low-unit Charge . — A more 
effective method of preventing waste, and certainly a more rational 
tariff, consists in charging a fixed annual sum per kW of maximum 
demand, plus a small additional charge per kWh actually con- 
sumed, as registered by meter, but still regardless of the purpose 
to which the current is applied. This method of charging, which 
is practically the ‘telephone’ system mentioned in § 273, involves 
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providing a meter, which it is the chief object of the previous 
tariff to avoid in the case of very small consumers. The present 
tariff encourages the long-hour consumer, for every additional 
unit used adds little to the bill, and reduces the average price per 
kWh. Suppose, for instance, a purely lighting installation, with 
a maximum demand of 2 kW, to be working under this tariff; 
the owner could introduce a motor or other apparatus, also taking 
2 kW, and so long as it was not used during lighting hours, his 
fixed annual charge would be unaltered, the maximum demand 
remaining at 2 kW. He would only have to pay for the addi- 
tional units used by the motor at the low rate of charge presup- 
posed (§ 275 D). 

The fixed or standing expense incurred by keeping the supply system ready 
for service, includes the interest and redemption charges on the capital invest- 
ment, rents, rates, insurance, etc., and a proportion of the v^ages and coal bills. 
Hitherto, where maximum demand tariffs have been used, it has been customary 
to recoup the standing expenses by a fixed charge per kW of maximum demand, 
but it has been shown by J. B. Blaikie (Jour. I.E.E.^ Vol., 59, p. 701) that there 
is much to be said in favour of different fixed charges for industrial and residential 
consumers. Large factory loads, demanding supply during well-defined hours 
6 days a week, involve much lower capital charges per kW and considerably 
lower coal and wages costs (apart from the saving due to higher load factor) than 
do small residential demands which may require supply at any time, throughout 
the week (see^ however, the note in § 271 regarding the favourable effect of whole- 
sale utili-ation of electricity for domestic purposes). Proposals for tariffs dis- 
criminating between consumers requiring supply for 7 days a week and those 
requiring supply for 6 days a week are given in the paper loc. cit. 

Wright's System . — In this older system of charging, the con- 
sumer pays a high price per unit metered until his consumption 
corresponds to 1 (or 2)hrs.’ daily use of his maximum, demand 
during the period for which the account is rendered ; this charge 
is equivalent to the fixed charge in the preceding paragraph ; for 
all units used over this amount he pays at a low rate. For 
example, if the maximum demand recorded by the indicator 
(§ 117) is 2 kW, then an average of 2 units a day {i.e, 180 kWh 
per quarter of 90 days), equal to 1 hrs.' use per diem of the 
maximum demand, must be paid for at the high rate. If the 
actual consumption as shown on the meter averages 5 units a day 
during the period in question, the balance, or 3 units a day, will 
be paid for at the low rate. 

Bestricted Hour Tariffs . — Methods of charging which depend 
on the time at which the maximum demand occurs have also been 
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tried, with a view to improving the diversity factor of the power 
station. In this case two-rate meters (§ 116 (ii)) are used, in 
which a clock or time switch regulates the hours at which each 
tariff is operative. In many places the introduction of a two-rate 
tarifl' has led to important increases in demand during oflf-peak 
periods. 

273. Rateable Value ; Glasgow, Metropolitan, Telephone, 
and Point-five Tariffs. — A detailed discussion of all the chief 
types of residence tariffs, i,e. charges for electricity supplied for 
domestic purposes, is to be found in a paper delivered some years 
ago by Mr. A. H. Seabrook (Jour. LE.E.j Vol. 48, pp. 376 et seq.). 
That author laid stress upon the fact that the Hopkinson principle 
(of making distinct charges for M.D. and kWh consumed, to cover 
standing and running costs respectively) is the only scientifically 
correct basis of charge, though it is by no means universally ap- 
plied, owing to the difficulty of framing a simple tariff thereon. 
Mention has already been made(§ 272) of the fixed charge per 
kW or ' contract demand ’ tariff and of the Wright maximum 
demand system. Other tariffs based on the Hopkinson principle 
and finding more or less extensive application in Great Britain are 
the -rateable value tariff, the Glasgow system, the Metropolitan 
system, and the telephone system. 

The rateable value tariff consists of a fixed annual payment 
(based upon the rateable value of the consumer’s premises) supple- 
mented by a low charge per kWh of metered consumption. This 
system of charging is generally known as the Norwich system 
from the town of its origin. Consumers in private houses, may, 
for example, have the option of paying a flat rate of 4^d. per kWh 
for all purposes, or, alternatively, of. paying 12 7o on the rateable 
value of the premises, plus Id. per unit ; in the case of business 
houses the fixed charge is based on the lamps installed, and may 
be, say, 5s. to 7s. 6d per lamp per annum. 

According to The Practical Electrician's Pocket Book, the 
average annual consumption of consumers taking domestic supply 
under rateable value tariffs in 1922 is given in the table on p. 378. 

Though the rateable value tariff may be held to have justified 
itself in practice, it is obviously an empirical tariff ; there is no 
definite relation between the rateable value of premises and the 
maximum demand of the electricity consumer occupying those 
premises. The percentage of the rateable value taken as the fixed 
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Town. 

kWh per 
£1 R.V. 

Town. 

kWh per 
£1 R. V. 

Blackpool 

35 

Shefbeld .... 

43 

liradford .... 

42 

Stafford .... 

15-6 

Carlisle .... 

45 

Sutton Coldfield . 

21 

Cheater .... 

64 

Uxbridge 

28 

Derby .... 

30 

Watford .... 

38 

Dewsbury 

23 

West Hartlepool . 

48-6 

Halifax .... 

26 

Winchester . 

50-2 

Harrogate 

46 

Wolverhampton 

57*2 

Leigh .... 

Liverpool 

65 

34 

Wrexham 

26 


charge differs from town to town (see also § 275, F). The follow- 
ing are a few cogent arguments from an article discussing the 
characteristics of the rateable value tariff*: — 


The most tempting feature of the rateable value tariff, from the central station | 

point of view, ia ita simplicity. The fundamental assumption is that rateable j 

value is a reasonably accurate measure of the electricity-cousuming capacity of 
private premises, and the fundamental weakness of the system is that it is not 
necessarily or even generally anything of the kind. Houses of similar size and 
quality shelter families of very different sizes and habits, so that rateable value 
boars neither theoretical nor actual relationship to the current consumption of 
a household. In some cases the percentage charge on rateable value is increased, 
and in other oases decreased, as the rateable assessment increases. In any event, 
if a different percentage of R.V. is co be charged in the case of different-sized 
houses (as seems desirable), and if allowance is to be made for the effect of specially 
large or small gardens on rateable value (as seems essential), theB.Y. tariff at once J 

loses its merits of simplicity and power of being easily understood by the layman. ; 

The method generally employed (at the time of initiating the new tariff) in deter- | 

mining the percentage of rateable value to be taken as the fixed charge, is to analyse -i 

previous accounts, and see what percentage of rateable value will, in conjunction | 

with, say, ^d. per unit, give the same revenue from lighting as the previous flat 
rate (say, 4d. a unit). This amounts to securing the station’s revenue and supply- 
ing all additional units at ^d. It is a simple, if tedious, method of arriving at a 
suitable average percentage on rateable value, but there is nothing to secure (1) 
that this percentage will not he far wide of the mark in individual cases ; and (2) 
that the percentage decided by reference to previous accounts will be at all suit- | 

able under the new conditions which it is desired to bring about by the new | 

tariff. Generally the percentage charge is 10, 12J, or 15 °/o rateable value, v 

but it makes a considerable difference to consumers, and so, ultimately, to the < 

station’s prospects, which percentage is adopted. The average price per kWh 
fluctuates enormously with rateable value and with total consumption per annum, 
wherever the rateable value tariff is applied | this cannot be fair to either supply i 

authority or consumer. Perhaps the nmst disturbing feature is the considerable ^ 

difference in average price per unit paid by consumers taking the same amount of 
energy, but using it in houses of different rateable value. Nor can this discrepancy 
ho justified by attributing it to differences in load factor, for sometimes the differ- 
ence is in one direction and sometimes in the other. District, size of garden, and 
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assessor’s whim are a few of the factors determining the rateable value. Number 
and position of windows, nature of surroundings, number and habits of household 
are factors influencing the consumption of electricity for lighting and other 
domestic purposes. Where is the connecting link between these groups of factors ? 
On the average for a whole district the rateable value tariff may be equitable, and 
in most cases where it is working it is equitable as between supply authorities 
and consumers as a body ; but is this altogether unconnected with the fact that 
the tariff has only been in vogue a few years, and that when it was put into force 
it was deliberately arranged to give what might be called ‘ average equity * ? In 
other words, is not the tariff very largely artificial — with just that basis of reason 
sufficient to make it plausible and workable for the nonce ? The rateable value 
tariff must already be responsible for grave anomalies between the current con- 
sumption and bills of individual consumers, and such anomalies cannot be good for 
the development of the industry as a whole. The maximum demand system in a 
modified form is, in the writer’s opinion, the best and fairest possible. Every 
consumer is entitled to special consideration of his case, for, after all, it is to meet 
the electrical engineer’s difficulties and limitations that any departure at all from 
the flat rate is required. It is, at this date, quite easy to estimate what will be the 
average maximum demand for any proposed equipment, and so to determine a 
fixed charge which shall be fairer to the consumer than the R.V. charge can be, 
whilst being, for the district as a whole, equally satisfactory to the station (JEL 
Bev.t Vol. 77, pp. 443 et seq.). 


The Glasgow system charges a fixed number of hours’ use of 
the M.D. at a primary rate, and all further consumption at a lower 
secondary rate. When the system was first enforced in Glasgow, 
it was found that the average domestic consumer used his lighting 
M.D. for 800 hrs. per annum, so the tariff charged 800 hrs.’ use of 
the M.D. at 3d. per kWh, and all additional units at Id. The 
system is only a slight modification of the Wright system (§ 272), 
and, like the latter, it overcharges the consumer for any heating 
and cooking consumption unless the latter be metered separately. 

The Metropolitan system consists of a fixed primary charge 
(based on the kW capacity and nature of lighting and other 
apparatus installed) plus a certain charge per kWh till the 
amount of this charge equals the primary charge. Thereafter all 
units are supplied at a lower price. For example, the fixed 
primary charge may be £5 per annum, the first energy charge 2d. 
and the second Id. per kWh. Then the consumer’s minimum hill 
is £5 ; if he uses 600 kWh per annum he pays a further £5 
for them, i,e. a total of 4d. per kWh on the average; there- 
after he obtains additional units at Id. Under these conditions 
the average price is : 8d / kWh for 200 kWh per annum, 4d. for 
600 kWh, 2‘8d. for 1 000 kWh, 1*9 for 2 000 kWh per annum, and 
so on. This system of charging does away with double metering 
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and double wiring. The chief object of the two rates of charging 
for energy seems to be that consumers using only small domestic 
appliances pay for all current at the lighting rate, whereas if 
? they install heaters or cookers they get on to the lower energy rate, 

' to which they are entitled. 

i The telephone syste7n was so named because it consists (like 

I the telephone charges formerly in force in this country) of a fixed 

I annual payment in advance, plus a small unit charge for service 

I actually utilised, i.e. per kWh consumed. The fixed charge is 

I based on a certain percentage, say, 70 7 o of the connected lighting 

load, not counting convenience or decorative lighting, and not 
counting wattage installed for other than lighting purposes. The 
secondary charge is low, say Id. or l|-d. per kWh. The standing 
charges are based solely on the lighting installation, and it is in- 
sisted that only electric lighting be used on the premises. By 
" exempting ' convenience ' lamps from standing charges, the in- 

stallation of such lamps is not checked. The system encourages 
liberal and long-hour consumption of energy, is easy to under- 
stand, and needs only a single meter, whilst being applicable to 
: all classes of domestic supply. The advantages and working of 

the system are dealt with fully in Mr. Seabrook’s paper (loc, cit). 

Point-Jive tariffs have as their object the encouragement of 
electric heating and cooking. As matters stand at present, any 
system of charging can claim to be a point-five tariff, so long as 
it provides additional units for heating and cooking at 0*5d. per 
kWh. This charge may be, and generally is, supplemented by a 
fixed charge or minimum payment in some form or other, so that 
the average price per kWh is generally considerably higher than 
0*5d. ; but, as explained in Chapter 26, the important point is that 
the charge which varies with the use of the apparatus, i.e. the 
energy charge for ‘ additional ’ units, be low, so as to encourage 
liberal consumption and make the wastage of a few units of 
negligible importance to the consumer ; the central station can 
afford to supply them at low price, once the standing charges 
have been covered. 

274. Tariffs taking Power Factor into Account. — The 

ill-efl%ts of low-power factor in AC. circuits have been discussed 
, in § 155. As these effects increase the costs of producing and 

distributing a given quantity of energy (kWh as distinct from 
kVAh, § 154), it is justifiable to impose upon the consumer a 
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supplementary charge if the power factor of his load is lower 
than unity, the amount of this charge being greater, the lower 
the power factor. The primary function of any such charge is 
naturally to penalise low-power factor and so give the consumer 
a monetary inducement to avoid it. It is not in the interests of 
the supplier to sell ‘wattless energy,’ which is useless, but to 
stimulate consumers to improve the power factors of their loads. 
It leading wattless energy is beneficial to the P.F. of the system 
^s a whole it may be supplied gratis (or even with a bonus), but, 
under the ideal conditions of unity power factor, leading wattless 
energy is as objectionable an addition as lagging current (§ 153). 

Any tariff* taking into account the P.F. of the load in- 
volves either assuming an average value for the power factor (to 
which assumption the consumer may reasonably object) ; or the 
measurement of the power factor either directly (§ 111) or in- 
directly by the use of watt-hour and voltampere-hour meters 
(§§ 115, 116). In the case of large installations the cost of two or 
three metering instruments can be afforded, but this is not so 
where small consumers are concerned, and these are often the 
worst offenders in respect of low- power factor. 

One method of penalising low-power factor is to charge for the true energy 
(kWh) metered according to a sliding scale, the price per kWh increasing as the 
P.P. decreases. This method demands that the supplier should know the cost 
per kWh delivered at various power factors (which varies with the location of the 
consumer because of the transmission losses occasioned by low P.F., § 155) ; also, 
the method depends upon the consumer accepting the estimated value of his 
power factor, since the actual P.F. generally varies widely and continuously, as 
can be seen from the chart of a recording P.P. meter. 

A better method of taking power factor into account consists in making a 
fixed charge per kVA of maximum demand (instead m per kW, § 272 5) plus a 
unit charge per kWh consumed. If the supply voltage be constant, the maximum 
kVA can he measured by a maximum current indicator calibrated in kVA, i,e, by 
an ampere-hour meter (§ 114) fitted with a maximum increment indicator on the 
principle of the Merz demand indicator (§ 117). Unfortunately, variation in P.F. 
generally involves appreciable variation in delivered voltage (§ 155), and it is then 
necessary to determine the maximum kVA from the maximum kW by dividing 
the latter by the power factor. This involves a third measuring instrument (in 
addition to the maximum kW and kWh meters), which must be either a recording 
P.F. meter or a wattless kVA (or sine) meter, §§ 110, 116 (iv). In the latter case 
the quotient (wattless kVA) / kWh gives tan <^, whence cos (p is obtained by refer- 
ence to tables. In its more accurate form this method of charging is fairly com- 
plex and, even then, it allows only for the increase in fixed costs occasioned by 
low-power factor, and not for the increase in running or working costs. Though 
the increase in standing charges is -the main factor, the other is not negligible 
(§ 155). 
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PriififMHor Ariio (Milan) han IIp^ rraiiiiig i.f wlsirfi if-i 

4rtrr«yiii‘ii liy iwo4htrilM nf thn kWh <'r>n»iiiii|»th»ri fWpl lliinl *4 t.lin kVAh 
Thu m l•hargf•fi ««» iiiiirh • mnl ' m lliiw 

r«friirdf*{lj ilw iw'tual <'hargi» |»^»r kWh 3#irri!iiwn* ii» lln' kVA rriiifiiiifi|,tir,ii 

rififrt (i,f. an ihfi IM**. ihujrmiHfH). jiintiflruliuii fur tlii« iiif-tliiffl 

i4 i''hiirgiijg t'fitj h*! chaiionHtraliHl on |»i4|H;r, Ihi* m tjiivioiiHly niiltifiiinilj 

arhitmry t«i hti ojn*ii to ciUi*Ktion hy vmi-mtirrH. 

Many other tarifls^ have heeii iIi'Vihi**! fur tiikiii|4 fiiftiir 

iiceonnt, htit tlif*rt^ an* m* numy furtorH iiivul\r»i thai 
mf4t*.rin|( f?([ui|aiient aini elal'Mirati* iiwmiiliiitry iin* t<i 
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weiit to the iirriiiigenieiit iu hiH sii|i|i!y roiitripT, if in .Htiilieioiilly 
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ditiouH of iioriisal loiiil 4’hr «taitdiii|^ 1 liar^e j#*r kW thii^ \mi**n 
hivorsidy with the rouMUitiura fiwfor iiiid t!p* nidi etifirgir 

{n*r kWh i« the Hiiiue for all jwiwer fiolor-*, If 11 fiiirly hm viiliie 
nf J* (my i^H) he takiui aa the lia^ie jpiwer faefor 1 tie* HtiiiidiiiK 
eliiir^e imr kW Innttg ailjuatet! iireordiiiiil) I the 4ver/ioe eMii%iiiii«*r 
will hff itlile f4i uiaiittaiii ii {jorn^er faetor than l\ tfiii» 

netniriiig fi rifdiietioii in the eharne kW. Hiin aiiioiiiilH to olFer- 
iiiKii biiiM for lii|4h-{?<*wer fm*Uw, riilher thiiii itiij^rdii^ ii 
for low*|M>wer fiictor, and U U» la* reeoiiitii»*iif!»*d ft#r jt«yeiioloKieiiI 
reii«ciijf4. 
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tioned the tariff system itself has been changed. On the other hand, the examples 
given are representative of the principal tariffs used in Great Britain, and the 
general purpose of the examples is better served by retaining the old prices, which 
were on a stable basis, than by inserting prices which are abnormal and unstable. 
In most places the charges for electricity supply have fallen greatly from the war 
level, and it is not too much to hope that economies resulting from the broader 
policies now followed in generation and distribution, will compensate for higher 
coal and labour costs, thus making possible tariffs as low as those ruling before 
the war. 

Section 22 (1) of the Electricity (Supply) Act, 1922, repealed Subsection 2 of 
Section 31 of the schedule to the Electric Lighting (Clauses) Act, 1899, under 
which a consumer had hitherto had the option of requiring undertakers to 
charge him for the actual amount of energy supplied or for the electrical 
quantity contained in the supply. The effect of this repeal was to remove what 
had been an obstacle to the general adoption of multi-part tariffs, and thus to 
permit tariffs to be introduced suitable for the varied demands on an undertaking 
and for encouraging the more extensive utilisation of electricity. If, however, the 
consumer and the undertakers had entered into an agreement as to a special 
method of charge, a course expressly provided for by the Act of 1899, and that 
agreement was for a definite period and allowed a definite length of notice to be 
given before either party could terminate it, it is practically certain that the con- 
tract would have been held good. The provision for termination by one month’s 
notice was “ in the absence of an agreement to the contrary.” The point is of im- 
portance as the alteration in the law referred to holds good only in the United 
Kingdom and not in overseas countries which have followed British law. 

A, Flat Bates by Meter (§ 270). 

(i) St. James and Pall Mall (London). Heating, IJd. a unit. 

(ii) Winchester. Lighting, 5jd. a unit. 

(iii) Ealkirk. Lighting, 5d. a unit. 

(iv) Prescot. Lighting, 4d. a unit. Power, Id. a unit. 

(v) Beading. Heating and cooking, Jd. a unit, where current is also 

taken for lighting. 

(vi) Burslem. Cooking, Id. a unit, if premises lighted throughout electri- 

cally. 

(vii) Manchester. Lighting, 3|d. a unit. Domestic power, l:|d. a unit. 

B. Meter Bates with Discounts (§ 270). 

(viii) St. James and Pall Mall (London). Lighting, 6d. a unit first 4 000 
units per annum ; 4d. thereafter. 

(ix) Chertsey. Lighting, 6Jd. a unit. Power, 2jjd. a unit. Less Jd. in 

each case for cash. 

(x) Malvern. * Lighting, 7d. a unit. Power, dd. a unit. Less 5 7o 

each case for cash. 

(xi) Beading. Lighting : up to 20 units a quarter, 8d. a unit (minimum 

charge 13s. 4d.) ; for next 480 units up to 500 units a quarter, 4Jd. 
a unit ; then, up to 1 000 units a quarter, 4d. a unit ; then, up to 
2 000 units a quarter, 3Jd. a unit ; and further reductions for greater 
quantities. 

(xii) Burslem. Power and heating : up to 250 units a quarter, 2d. a unit ; 

then 1 Jd. a unit up to 500 units ; then Id. a unit. (Also special 
bulk rates.) 
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(xiii) Manchester. Power : less than 200 units per quarter per measured 
E.H.P., IJd. a unit; then IJd. up to 299 units per E.H.P. per 
quarter; then Id. up to 399 units per E.H.P. per quarter, etc., 
finally reaching 0*7d. a unit. 

(xiv) Liverpool. Lighting : up to 3 000 units a quarter, 3Jd. a unit ; then 

3d. a unit up to 10 000 units ; then 2Jd. a unit. Power, 2d., l^d., 
and Id. a unit (within same range as lighting). 

G. Maximum Demand (§ 272). 

(xv) Winchester. Lighting, 7d. a unit first hour’s use, 4:d. second hour’s 

use, 2d. afterwards. Power, 3Jd. first hour, IJd. second hour, Jd. 
afterwards. 

(xvi) Palkirk. Power, 2Jd. a unit first hour, IJd. afterwards. 

(xvii) Burslem. Lighting, 7d. a unit for 91 hrs.’ use of M.D. per quarter, 
and 2d. a unit afterwards, the average not exceeding 5d, a unit. 
(Alternative, 5d. flat rate.) 

D. Fixed Charge per H.P. or kW -h Charge by Meter (§ 272). 

(xviii) St. James and Pall Mall (London). Power, 7s, 6d. per rated H.P. per 
quarter, plus Id. a unit. 

(xix) Hartford. Lighting, £12 per kW for first kW demand; £9 per kW 

for higher demand, plus Id. a unit. 

(xx) Palkirk. Power (above 20 H.P. installed), £2 10s. per H.P. maximum 

demand, plus jd. a unit ; less 10 ®/o on |d. rate for each 100 000 
units taken per annum. 

(xxi) Eeading. Power : exceeding 3 kW at 400 V continuous current, £1 

a quarter per kW, plus |d. a unit up to 10 000 units a quarter, 
and Jd. a unit beyond ; not exceeding 3 kW, 13s. 4d. a quarter 
minimum charge, plus IJd, a unit for consumption in excess of 
20 units. 

(xxii) Manchester. Lighting, £7 per annum per kW M.D., plus IJd. a unit. 
Power, if over 600 units per E.H.P. per quarter, £1 5s. per E.H.P. 
demand per quarter, plus ^d. a unit. 

(xxiii) Liverpool. Lighting, £2 per quarter per kW M.D., plus IJd. a unit. 
Power, £1 10s. per quarter per kW M.D., plus 0-4d. a unit. 

E. Fixed Charge per Lamp (§ 272). 

(xxiv) Carmarthen. Cottage lighting, 4d. a week per 30 W lamp. 

(xxv) Punster. 50 c.-p. lamp, 3s. 6d. ; 25 c.-p., 2s. 6d. ; 16c.-p., Is. lOd. a 
quarter. 

F. Batedble Value System (§ 273). 

(xxvi) Winchester. Lighting, 3s. per £1 rateable value, plus Id. a unit, 
(xxvii) Carlisle. Domestic tarifi, 12J % on rateable value, plus Jd. a unit, 
(xxviii) Manchester. Domestic power, 12Ji7o rateable value, plus Jd. a 
unit for all purposes ; provided that domestic appliances other than 
lamps be installed to the extent of 2 kW in houses of rateable value 
not exceeding £30 ; 3 kW, not exceeding £50 ; 4 kW, exceeding £50 
rateable value. 

(xxix) Liverpool. 3J 7o quarter (2J for private houses only) on rate- 
able value, plus Id. a unit for all purposes. 
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G. Flat Bate subject to Speeijied Minimum Load Factor. 

(xxx) Brompfcon and Kensington E.S. Oo. (London). Motors exceeding 
4 H.P., Id. a unit, subject to minimum load factor of 11*41 ®/„. 
Sign lighting, 2d. a unit, subject to minimum load factor of 20 % 
and 3 years’ contract. 

H. Bestricted Hour Bates (§ 272). 

(xxxi) Dewsbury. Power, |d., -Jd., a unit, according to quantity, 

plus rental for time switch. 

(xxxii) Manchester. Power, Id. a unit (subject to minimum of 7s. 6d. a 
quarter), provided no current is taken between 4 p.m. and 6 p.m. in 
November, December, January, and February. 

/. Meter Bents, etc. 

(xxxiii) St. James and Pall Mall (London). Meter registering up to 1 kW, 
2s. 6d. a quarter ; from 1 to 5 kW, 5s. ; over 5 kW, 7s. 6d. 

(xxxiv) Reading. Nil. 

(xxxv) Burslem. Is. a quarter. 

(xxxvi) Manchester. Restricted hour time switch, 2s. 6d. a quarter. 

EXA.MPLE OF Charges by Various Tariffs. — By way of 
practical example, the cost of these tariffs may be worked out for 
a hypothetical installation containing a variety of apparatus. In 
this connection it must be remembered that the tariffs mentioned 
above are not the only ones available in some of the places con- 
cerned ; in some cases the full tariff schedule is very complex, 
so that the actual charge made might vary considerably from 
the following estipaates. Assume the installation data to be as 
follows : — 

(а) Fifty 40 W lamps = 2 kW or 2 units per hr. if all alight simultaneously. 
Maximum demand, 7 to 9 p.m., 1*7 kW. 

2J hrs.’ average use of all lamps per day. 

Units per day, 3 in summer, 7 in winter. 

(б) Cooking equipment — one 3 kW oven ; one kW grill ; 3 1 kW hot plates . 

Maximum demand, 7J kW at any time between 7 a.m. and 9 p.m. 
Working hours, 14-16 hrs. a day intermittently. 

Units per day, 15, average all year round. 

(c) Four heaters of J kW each = 2 kW. 

' Maximum demand, 2 kW any time between 7 a.m. and midnight (winter 
only). 

Working hours, 18 per diem for 7 months. 

Average load, IJ kW. 

Units per day, 27. 

{d) One 10 B.H.P. motor, used for industrial purposes, taking 9 kW at full 
load. 

Working hours, 8 a.m. to noon and 1 p.m. to 6 p.m = 9 hrs. per diem. 
Maximum demand, 9 kW at any time during those hours. 

Average load, 5 kW or 6 units per hr. 

Units per day, 45 all the year round. 
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(e) Whole installation. 

Total load connected, 24-7J + 2-f9== 20J kW. 

Maximum demand. The lights and the large motor do not overlap, so 
the maximum demand will he the sum of the M.D. of motor and 
cooking apparatus in summer, plus heaters in winter, i.e. 16J kW in 
summer and 18J kW in winter. 

The units consumed will be : — 



Per Month. 

Per Annum. 

Summer. 

Winter. 

Lighting per day 3 ox 7 . 

90 

210 

1800 

Cooking „ 15 . 

450 

450 

5 400 

Heaters ,, 27 . 

— 

810 

5 670 (7 months) 

Motors ,, 45 . 

1350 

1350 

16 200 

Total .... 

1 890 

2 820 

1 

29 070 


The annual bill on these hypotheses, subject to the limitations 
noted and based on the tariffs specified below, will be as 
follows : — 


(i), (viii), and (xviii) combined. 

£ 

s. 

d. 

Cooking and heating, 11 070 units at IJd 

69 

3 

9 

Lighting, 1 800 units at 6d 

45 

0 

0 

Motor, 10 X 7s. 6d. fixed, plus 16 200 units at Id. 

71 

5 

0 

Meter rent : lighting, 5s. ; heating and cooking, 7s. 6d. ; 




motor, 7s. 6d. a quarter 

4 

0 

0 

Average price per unit, l-56d. 

189 

8 


(iv). 

£ 

s. 

d. 

Lighting, 1 800 units at 4d 

30 

0 

0 

Cooking, heating, and motor, 27 270 units at Id. 

113 

12 

6 

Average price per unit, l‘19d. 

143 

12 


(v), {xi), and (xxi) combined. 

£ 

s. 

d. 

Cooking and heating, 11 070 units at Jd 

23 

1 

3 

Lighting, 20 units at 8d. = £0 13 4 




„ 430 „ 4Jd. = 8 13 




4 X 450 units per quarter = 4 x £8 14 7 

34 

18 

4 

Motor, 9 X £1 fixed charge, plus 16 200 units at f d. . 

59 

12 

6 

Average price per unit, 0*97d, 

117 

12 

1 
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(vi), (xii), and (xvii) combined. 

Cooking, 5 400 units at Id 

Power and heating — Summer, 4 050 units a quarter 
Winter, 6 480 „ „ 



Sumnur. 

Winter. 


£ s. d. 

£ s. d. 

500 units at 2d. 

. 4 3 4 

4 3 4 

500 „ IJd. . 

. 3 2 6 

3 2 6 

Balance at Id. 

. 29 11 8 

53 4 2 


36 17 6 

60 10 0 97 7 6 


Lighting, 91 hrs.’ use of M.D., 91 x 1*7, or 155 units per 
quarter — 

155 units at 7d. . £4 10 5 

115 „ 2d. . 0 19 2 

£5 9 7 per summer quarter x 2 10 19 2 

155 units at 7d. . £4 10 5 

475 „ 2d. . 3 19 2 


£8 9 7 per winter quarter X 2. 16 19 2 


Meter rents (three at Is. per quarter) 

0 12 

0 

Average ^rice per unit, l'2Sd, 

148 7 10 

{vii} and (xiii) combined. 

£ -s. 

d. 

Lighting, 1 800 units at 3|d. 

28 2 

6 

Cooking and heating, 11 070 units at IJd 

57 13 

14 

Per quarter per E.H.P. 

Motor, 200 units at IJd. ..£150 

100 „ IJd. . . 0 10 5 

374 „ Id, . .03 14 

3374 units £1 18 64 ( X 1 X 12 ) . 

92 10 

0 

Average price per unit, lAld, 

178 5 


(vii) and (xxii) combined. 

£ s. 

d. 

Cooking and heating, 11 070 units at IJd 

57 13 

14 

Lighting, £7 x 1*7 fixed, plus 1 800 units at 14d. 

CO 

CO 

CM 

0 

Power : Units per quarter per E.H.P. are below limit at 
which (xxii) applies, hence charge is accprding to tariff 

(xiii), as in previous example 

92 10 

0 

Average price per unit, l*43d. 

173 6 

-ii 
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PART III— TRANSMISSION AND CONTROL. 


CHAPTER 13. 

INSULATED WIRES AND CABLES. 

277. Applications of Insulated Conductors. — Insulated con- 
ductors are used for the wiring of practically all installations 
indoors and outdoors. Outdoors permanent (fixed) circuits can 
sometimes be provided more cheaply by bare conductors than 
by insulated cables, but, against the cost of insulation on the 
latter, there must be set the cost of the poles (or brackets) and 
insulators required by bare conductors ; also, the obstruction 
caused by, and the risk of accidental contact with, bare wires in 
works’ yards and similar situations. The last-named consideration 
applies in yet greater degree to interior installations, and almost 
the only uses for bare circuits indoors are as contact wires for 
travelling cranes and in carrying low- voltage current for electro- 
chemical and electro-metallurgical purposes. • Insulated cables, 
are also used for the transmission and distribution of electricity 
(generally underground) wherever accommodation cannot con- 
veniently be provided for overhead linos, or where the use of 
the latter would be dangerous. In the early days of electricity 
supply, bare distributing cables were stretched on insulators in 
underground conduits and a few examples of this practice may 
still be in existence. The same principle is used extensively in 
the contact rails of the conduit-tramway system (Chapter 34) 
but there a bare conductor is essential, in order that continuous 
sliding contact may be made, and the conductor itself is rigid. 
The relatively small copper conductors required for general distri- 
bution service need closely-spaced supports in order that the con- 
ductor may not sag into contact with the conduit; for this 
reason and because the system cannot easily be insulated for high 
pressures, insulated cables are now standard. 

Bare conductors are used mainly for overhead transmission 

389 



§ 27 B electrical engineering practice 


and their characteristics and constants are therefore dealt with 
in Chapter 14, where, also, there are discussed certain features of 
high voltage cables associated with power transmission over con- 
siderable distances. Special features of colliery cables are dis- 
cussed in Chapter 32. 

278. Low and Medium Voltage Wires and Cables. — For 

installation work insulated stranded copper wires should be used. 
The size of the copper conductor will depend primarily on the 
current to be carried. If, however, the length of any particular 
circuit is considerable, the loss of volts due to the resistance of 
the copper must also be taken into account (§§ 24, 286); other- 
wise the lamps and apparatus may not get their correct pressure 
even when the wire is carrying much below its maximum safe 
current. It is generally specified (following the I.E.E. wiring 
rules) that the loss of volts in the conductors, from the entrance 
of the supply up to any apparatus, when the whole installation 
is switched on, shall not exceed 2 % oi the supply pressure plus 
a fixed allowance of 1 V, i.e. say, 3| V on 110 V circuits and 5-J V 
on 220 V circuits. As will be seen when dealing with branch 
circuits (Chapter 22) these are generally so laid out that a single 
size of wire can be safely used throughout for lighting or fans — 
not for heating — but the cables leading to the distribution boards 
require to be worked out carefully. On power and heating 
circuits the drop in volts is not of so much importance, and the 
size of conductors is then determined by their permissible rise of 
'temperature ; this, with rubber insulated cables, should be limited 
)0 20° F. whatever the purpose for which current is used, while 
with paper or fibre insulated cables a rise of 50° F. is allowable 
(§ 291). 

279. British Standard Sizes of Insulated Annealed Copper 
Conductors. — Formerly there were thirty -two standard sizes of 
conductors from 0* 001 to 1 sq. in. nominal area ; with three ex- 
ceptions these were stranded wires and in most cases the size of 
the individual wires was quoted in S. W.G. numbers (see Table 39). 
In order to simplify and cheapen manufacture, the number of 
standard sizes was reduced to twenty-five (between the same limits 
of nominal area) by the B.E.S.A. Specification No. 7, 1922. At 
the same time, the sizes of the individual wires were specified in 
inches throughout. However, S.W.G. numbers are still much 
used and there is, of course, a vast amount of conductors of the 
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Table 39. — Old and New British Standard Sizes for 
Insulated Annealed Copper Conductors. 


Old Standard. 

Kew Standard. 

Humber and S.W.G, 
and / or Dia. in Ins. 
of Individual Wires. 

Nominal Area 
in Sq. In. 

Nominal Area 
in Sq. In. 

Number and Dia. in 
Ins. of Individual 
Wires. 

1/20 (-036") 

0* 001 0 

0* 001 0 

1/ -036 

— 

— 

O'OOIS 

1/-044 

1/18 (•048'0 

0-0018 


— 

3/22 (-028") 

0-0018 

— 

— 


— 

0-002 0 

3/-029 

7/ 25 (-020") 

0-002 2 



— 

3 / 20 (-036") 

0- 003 0 

0-003 0 

3/‘036 

7/23 (-024") 

0- 003 1 

— 

— 

1/16 (-064") 

0- 003 2 

0- 0030 

1/-064 

7/22 (-028") 

0-004 2 

— 

— 





0-004 5 

7/ -029 

7 / 21 J (-030") 

0-004 9 

— 

— 

7/20 ('036") 

0- 007 0 

0-0070 

7/-036 

7/19 (-040") 

0- 008 6 

— 

— 

— 

— 

0- 010 0 

7/-044 

7/18 (-048") 

0- 012 5 

— 

— 

— 

— 

0-0145 

7/ -052 

7/17 (-056") 

0- 017 0 

■' — 

— 

7/16 (-064") 

0- 022 1 

0-0225 

7/-064 


— 

0-030 0 

19/ '044 

19 /18 (-048") 

0- 033 8 

— 

— 

7/14 (-080") 

0- 034 6 

— 

— 

— 

— 

0-040 0 

19 / -052 

19 /17 (-056") 

0- 045 9 

— 

— 

19/16 (-064") 

0- 060 0 

0-0600 

19 / -064 

19/15 (-072") 

0- 075 0 

0-076 0 

19/ -072 

19/14 (-080") 

0- 093 7 

— 

— 



— 

0-100 0 

19 /-OSS 

37/16 (-064") 

0* 116 8 

0- 120 0 

37/ -064 

19 /13 (-092") 

0- 125 0 

— 

— 

37 /15 (-072") 

0* 160 0 

0- 150 0 

37 / -072 

37 / 14 (-080") 

0* 182 4 

— 

— 

37 / *083" 

0* 200 0 ! 

0- 200 0 

37 / -083 

37 / *092" 

0* 250 0 1 

0-250 0 

37 / -093 

37 / *104" 

0* 300 0 

! 

0-300 0 

37 / -103 

61 / *092" 

0* 400 0 i 

0-400 0 

61 / -093 

61 / *104" 

0* 500 0 

0-500 0 

61 / -103 

61 / *112" 

0*600 0 

0-600 0 

91 / -093 

91 / *101" 

0* 750 0 

0-750 0 

91 / -103 

127 / *101" 

1*000 0 

roooo 

127 1 -103 
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Gables, T.E.E. (Vide Buies, § 280 ). 

aoLOther, and refer to situations where the maximum temperature of the air does 
supplied by the National Physical Laboratory, those in columns 3 and 4 are the 
temperature of 20° P., and, in the case of paper insulated cables of 50° P. above 
•when working at the currents given in columns 3 and 4 are calculated on the 
insulation and 130° P. in the case of paper insulation. 


Conductor 
Resistance in 
Standard 
Ohms per 

1 000 Yds. 
at 60° F. 

8. 

Conductor 
Weight in Lbs. 
per 1 OOO Yds. 
(B.E.S.A. 
Standard). 

8a. 

Kinimum Radial Thickness. 

No. of Wires 
and Dia. of 
Each Wire. 

13. 

Vulcanised Rubber. 

Paper or 
Fibre. 
(Class B.) 
Up to 
660 V. 

IL 

Lead 
Sheath. 
On Paper 
or Jute 
Cable.s. 

12. 

Up to 
2.50 V. 

9. 

Up to 
660 V. 

10. 

Ohms. 

Lbs. 

Ins. 

Ins. 

Ins. 

Ins. 

Ins. 

23*59 

11*77 

0* 084 

0* 055 

— 

— 

1 / *036" 

15*79 

17*58 

0* 034 

0* 055 

— 

— 

1 1 *044" 

12*36 

23*37 

0- 036 

0* 056 

— 

— 

3 / *029" 

8*019 

'86*02 

0* 038 

0*057 





3 / -036" 

7* 463 

37*20 

0* 036 

0*057 

— 

— 

1 / -064" 

5- 281 

54-39 

0* 039 

0* 058 

— 

— 

7 f *029" 

8* 427 

83-81 

0- 041 

0-059 

0* 080 

0-060 

7 1 -036" 

2* 294 

125*2 

0' 043 

0-060 

0* 080 

0*060 

7 / -044" 

1* 643 

174*9 

0* 046 

0*061 

0* 080 

0* 060 

7 / -052" 

1* 084 

264*9 

0* 049 

0-062 

0- 080 

0*060 

7 / -064" 

0* 846 8 

340*4 

— 

— 

— 

— 

19 / 044" 

0* 606 3 

475*5 

0* 056 

0*063 

0* 080 

0*060 

19 / -052" 

0* 400 2 

720*3 

0* 062 

0*065 

0* 030 

0*070 

19 / -064" 

0* 316 2 

911*6 

0* 066 

0* 060 

0* 080 

0*070 

19 / -072" 

0* 238 0 

1 211 

0* 072 

0*072 

0* 080 

0*070 

19 / -083" 

0* 205 6 

1 403 

0* 075 

0*075 

0* 080 

0*070 

37 / -064" 

0* 162 5 

1 776 

0* 080 

0*080 

0* OSO 

0* 070 

37 / -072" 

0* 122 3 

2 860 

0* 088 

0*088 

0* 080 

0* 070 

87 / -033" 

0* 097 38 

2 963 

0* 095 

0*095 

0* 090 

0*080 

37/ -093" 

0* 079 39 

3 635 

0* 102 

0*102 

0* 090 

0* 080 

37 / -103" 

0* 059 08 

4 886 

0* 114 

0*114 

0* lOO 

0*090 

61 / -093" 

0* 048 16 

5 994 

0* 121 

0*121 

0* lOO 

0*090 

61 / -103" 

0* 039 61 

7 290 

0* 125 

0*125 

0* lOO 

0* 100 

91 / -093" 

0* 082 29 

8 942 

0* 131 

0*131 

0 * no 

0*100 i 

91 / -103" 

0* 023 14 

12 481 

0* 141 

0*141 

0* 110 

0*110 

127 / -103" 


for the classes of cable shown : Concentric, 0*93 ; 3-core, 0*88 ; 4-core, 0*82, 

40), the maximum currents may be less than those shown in columns 3 and 4. 
the B.E.S.A. Specification No. 7 ; the data for the I.E.E. table are not available 
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old standard sizes still in service; the comparison between the 
old and new standards in Table 39 (p. 391) will therefore be 
found useful. 

280. LE.E. Rules regarding Insulated Wires and Cables. 

— The following extracts from the I.E.E. wiring rules explain the 
basis on which Table 40 (reprinted from the same rules) is drawn 
up. Col. Sa has been added from B.E.S.A. Specification No. 7, 
1922. The data on which the cols. 8 and 8a are based are given 
in § 62, and, as noted there, a variation of 2 °/^ is allowable from 
the standard resistances and weights. The use of the single un- 
stranded wires should generally be avoided, although allowed by 
the I.E.E. rules. The most generally useful sizes for branch 
wiring are 3 / ‘029 and 3 / ‘036 (old 3/22 and 3 / 20) ; and for 
sub-mains 7 / ‘029, 7 / ‘036, 7 / *052, 7 / *064, 19 / ‘052, and 
19 / -064 (old 7 / 22, 7 / 20, 7 / 18, 7 / 16, 19 / 18, and 19 / 16). 
In Table 40 the maximum current permissible is based upon the 
temperature idses specified by wiring rule 4“3 below (see also § 291). 
The following are the actual rules of the IE.E., Nos. 39-52, 
relating to conductors as entered in the table on previous page : — 

OONDUCTOBS — Size and OONDUCTIVITy. 

39. Size. — Except for wiring fittings, the cross-sectional area (Table, col. 2) 
of any copper conductor must not be less than thd-t of a No. 18 S.W.G. The 
cross-sectional area of fittings wires must not be less than that of a No. 20 S.W.G. 

40. Subject to Buies 39 and 43 being complied with, the minimum size of the 
conductors within a building will be determined as follows : — 

{a) Lighting Circttits. — For lighting circuits, by the permissible drop in 
volts, which under ordinary conditions must not exceed 2 °/o, plus a 
constant allowance of 1 V (Table, cols. Ba and 4o). 

[b) Power mid Heating Circuits. — For power and heating circuits, by the 
rise in temperature, which must not exceed 20" F. (11*1° C.) (Table, 
cols. 3 and 4). 

41. Co7iductwity : Sulphur. — Insulated copper conductors must be of annealed 
copper, and they must have a conductivity not less than that laid down by the 
Engineering Standards Committee (Buie 67 § 62), and the copper must be pro- 
tected by tinning or other effective method (Buie 56, § 285) from contact with 
the insulating material if such contains sulphur. 

42. Strandmg. — ^All insulated copper conductors having a greater cross- 
sectional area than that of a No. 16 S.W.G. wire must be stranded. 

43. Table (vide Table 40). — The maximum permissible currents for the various 
sizes of conductors up to 1 sq. in. in cross-sectional area are shown in cols. 3 and 
4 of the Table, which allow for a rise of temperature of 20° F. (11*1° 0.) for rubber 
insulated cables (Buie 45), and of 50° F. (27*8° C.) for paper or fibre insulated 
cables. Below 0* 005 sq. in. cross-sectional area for rubber insulated cables and 
0* 017 sq. in. for paper insulated cables the table is based on a current density of 
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4 000 A per sq. in.* Cols. 3a and 4a show the corresponding lengths in yards of 
single conductor in oironit for each volt of fall of potential when the maximum 
continuous current is in use. 

Conductors — Insulation. 

44. Temi^eraiure.— Conductors, except as provided in Rules 75 and 76, 
Chapter 23, must be specially insulated with material which does not rapidly 
deteriorate at the highest temperature to which it will be subjected ; for instance, 
rubber must not be allowed to exceed 130° F. (54*4° C.), and paper or fibre 176° F 
(80° C.). 

45. The insulating material on any conductor other than a flexible must be 
throughout either — 

Clafis A. Vulcanised Rubber, — A non-hygroscopic dielectric, f such as vulcan- 
ised rubber of the best quality, which only needs mechanical protection 
(Rules 63-66, § 282^ and Chapter 23, Or 

Class B, Paper and Fibre, — A hygroscopic dielectric,! such as impregnated 
paper or fibre, which must be encased in a waterproof sheath, generally 
of soft metal, such as lead, drawn closely over the dielectric. 

46. Thickness, — The radial thickness of vulcanised rubber must not be less 
than that given in cols. 9 and 10 of the Table. The radial thickness of dielectrics 
of Class B must not be leas than that given in col. 11, and the radial thickness of 
the lead sheath not less than that given in col. 12. The dielectric must not soften 
sufficiently, under working conditions, to allow displacement of the conductor 
from the centre. 

47. Pressure Test, — The dielectric must be such that when the insulated con- 
ductor has been immersed in water for 24 hrs., it will, while still immersed, with- 
stand a pressure test of 1 000 V for J hr. in the case of 250 V cables (Rule 16, § 4) ; 
and one of 2 500 V for J hr. in the case of 650 V cables (Rule 17). The testing 
pressures must be alternating pressures at a frequency of 50 to 100 supplied from 
an alternator capable of giving an output of not less than 5 kW. 

48. Insulation Resistance Test, — The minimum insulation resistance, when 
corrected to a temperature of 60° F. (15*6° C.), must be that given in cols. 5 and 6 
of the Table for vulcanised rubber, and that given in col. 7 for Class B, the test 
being made after 1 minute’s electrification at not less than 500 V, and after the 
insulated conductor has been immersed in water for 24 hrs. immediately preceding 
the test, and while still immersed. 

49. Twin, and Multiple Conductor’s, — Each insulated member of a twin or 
multiple conductor must have the insulation resistance given in the Table for single 
conductors ofi the same size. 

50. Taping and Braiding. — Conductors insulated as in Class A must be taped 
and braided if drawn into conduits, and at least braided if laid in casing. 

51. Colours for Conductors. — Where colours are used to distinguish the con- 
ductors, the following are recommended : — 


^Author's Note , — ^It will be seen that the permitted current density in paper 
cables is about 4 000 A per sq. in. from 0* OOl-O’Ol sq. in. ; 2 000 A per sq. in. 
about OT sq. in. ; and 1 000 A per sq. in. for 0*5-l*0 sq. in. In rubber cables 
from 0*01-1 sq. in. the current density may be about two-thirds the above values. 
These easily memorised figures are useful for rough estimates, 
t Dieleci/ric does not include braiding or taping. 
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Continuous current : + , red ; - , black ; Neutral, yellow or white. 

Alternating current : {a) Phase, red ; (b) Phase, yellow or white ; (c) Phase, 
blue; Neutral, green. 

52. Concentric Conductors, — Concentric conductors must in all respects con- 
form to the requirements laid down for single conductors ; the insulation resistance 
of the dielectric separating the two conductors must be that given in the Table 
for single conductors having the same diameter as the inner conductor. The in- 
sulation resistance of the dielectric on the external conductor, where insulated, 
must be that given in the Table for single conductors having the same diameter 
as the outside diameter of the external conductor. 

281. Grade of Cables. — Electrical wires and cables are sold 
as being of a certain ‘ grade ’ of insulation resistance (§ 71). The 
three grades most generally used are known as 300, 600, and 
2 500 megohm grades ; these figures represent the minimum in- 
sulation resistance per mile for the largest size of cables in each 
grade (§ 4). Thus, in the 600 megohm grade cables, from about 
19 / ‘072 ins. (19 / 15 S.W.G.) upwards will actually have this 
resistance per mile ; smaller cables of this grade, insulated to the 
same specification, will have higher actual insulation resistance, 
up to 1 200 or even 2 000 megohms per mile in the smallest sizes 
ipide cols. 5 and 6 of Table 40). This is due to the fact that the 
reduction in wire diameter, and hence in its leakage surface in 
contact with the insulation, more than compensates for the re- 
duced radial thickness of insulation. 

For example, a 61 / *103 ins. cable bas 0* 121 in. radial thickness of vulcanised 
rubber (up to 250 V), and the conductor is 0- 936 in. in diameter. Similar data for 
a 7 / *064: ins. cable are 0* 049 in. radial thickness of insulation and 0* 192 in. 
conductor diameter ; and for a 1 / *064 in. conductor, 0* 036 in. radial thickness 
and 0* 064 in. diameter. If the 61 / -.103 ins. cable be of 600 megohm grade, its 
actual insulation resistance will be 600 megohms per mile ; and if the smaller 
cables be of the same grade, their actual insulation resistance may be taken 
(approximately) as varying directly with the radial thickness of insulation and 
inversely with the conductor diameter, the latter being proportional to the surface 
of wire in contact with the insulation per unit length of cable. This basis of 
calculation is not strictly accurate,* but it is near enough for estimating purposes 
and to illustrate the fundamental distinction between actual insulation resistance 
and grade. On this basis, the actual insulation resistance of 7 / -064 ins. cable 
of 600 megohm grade = 600 x (O' 049 /O* 121) x (0* 936 / 0* 192) = 1 190 megohms 
per mile. Similarly, that of 1 / *064 in. cable = 600 x (O' 036 / 0* 121) x 
(0* 936 / 0* 064) = 2 600 megohms per mile. The actual values given in Table 40 
are respectively 900 and 2 000 megohms per mile. 

From Eule 48 (§ 280) it will be seen that the LE.E. standards 


* For a theoretically accurate treatment of the problem see Electric Cables 
and Networks, by A. Eussell (Constable), 2nd edition, p. 62. 
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iwiifiitmi for 1 inim in dilute hydrochloric acid sp. gn 1“ 088, rinse 
ifil!i irAl*e% Itniiiersfi iit «slium sulpliide solution sp. gr. T 142 
fur *t0 ; refxtai the cycle till the wire visibly blackens ; this 

,^tioiiIt| biku lit leiwl femr cycles. 
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For the efficient use of the test the sodium sulphide solution should be pre- 
pared by dissolving 25 gms. of pure mono-sulphide of sodium in 100 cu. cms. 
of water, adding an excess of sulphur and boiling for about 1 hr. with occasional 
stirring. The solution should then be cooled, filtered, and diluted to the required 
specific gravity of 1* 142. As there is a slight tendency for this solution to decom- 
pose on prolonged standing, depositing sulphur, it should be freshly prepared. 
The preparation of the hydrochloric acid is simply a matter of dilution to the 
required specific gravity (C. J. Beaver, Jour» I.E.E,, Vol 53, p. 70). 

Good tinning should have a slightly golden tint. Blackening 
means that the tinning is imperfect, but silver-white appearance 
is also to be regarded with suspicion. Imperfectly vulcanised 
rubber adheres to the metal. 

Silvery brightness of the tin coating after vulcanisation casts suspicion on the 
quality of the rubber. It has nothing to do with the purity of the tin or its ap- 
plication to the wire. A low-grade foreign wire may often be detected by this 
feature alone. During vulcanisation of the (inferior) rubber, acid products— due 
to the method of preparing the * pure ’ rubber layer or to reactions in organic 
loading constituents, other than rubber — may be formed which slightly ‘ pickle ’ 
the tin and prevent formation of tin sulphides. A high-grade rubber compound 
takes longer than an inferior compound to vulcanise, and due to this and to the 
absence of ‘ pickling ’ there is formed the slightly golden film of tin sulphide which 
is regarded by cable inspectors as probable indication of excellence (Beaver, 
loc. cit.). 

283. Class of Cables. — The term ‘ class ’ in regard to cables 
refers to the protecting covering over the dielectric, which may 
be of any of the grades mentioned in the preceding paragraph. 
Pure rubber strip wound in two or three layers with staggered 
joints and covered with tape and braiding forms a type of in- 
sulation which is only suitable up to 100 Y or so, and is obviously 
not moisture-proof. Vulcanised india-rubber (V.I.R.) cables are 
standard for ordinary work, and it is usually suiBcient if the cable 
is externally ‘ taped and braided.' It is frequently remarked that, 
when there is any difference in durability, black-finished rubber 
cables always last longer than red-finished ones. The difference 
is attributed by Beaver to the presence of resin in the ozokerite 
compound with which the braiding is saturated. The natural 
colour of ozokerite is black. The operation of dyeing it red is 
facilitated by presence of resin, but resinous matter is absorbed 
with avidity by rubber, to the great detriment of the latter. The 
presence of resin is not essential, but its exclusion involves extra 
cost. Unless it is certain that attention has been paid to this 
point, there is sound justification for preferring black-finished 
cable. 
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Vulcanised india-rubber cables are often lead-covered, and 
copper is sometimes used as protective covering (Chapter 23). 
Where extra mechanical strength is required, ' armoured ’ cable 
is used, the protection consisting of galvanised iron wire or tape, 
single or multiple. Round-wire armouring is generally used on 
small sizes of cable and also where the armouring has to carry 
weight, as in cables suspended vertically in pit shafts. Metal 
tape probably affords better mechanical protection than is given 
by round wires ; wires of special inter-locking section are some- 
times used and these combine flexibility with a high degree of 
mechanical protection. Armouring may be used in combination 
with braiding (within or without the armouring, or both), or over 
a lead sheath. Impregnated tape between lead and steel reduces 
the risk of cutting or deforming the lead by the armour and 
prevents electrolytic action between the two metals. Impregnated 
hemp or jute may be used to protect the armouring. Wherever 
paper or other hygroscopic dielectric is used, lead sheathing is 
essential (besides impregnation of the paper, § 287), and great care 
must be taken to ensure that the ends of the cable are sealed and 
the joints moisture-proof. Paper-insulated cables are seldom used 
for house wiring or for small sizes of branch wiring ; their use 
for high-tension work is practically standard (§§ 287, 288). 
Vulcanised bitumen is a waterproof insulating material, often 
considered treacherous in its mechanical properties, but greatly 
improved during recent years. It is largely used in mining work 
(Chapter 32), and to a limited extent for general distribution 
mains. It may be lead sheathed and armoured or it may be used 
unsheathed or as a sheathing for paper-insulated cables. Special 
forms of protection have been devised for a variety of purposes. 
Thus there are fireproof cables ; special trailing cables for serving 
portable underground machines, where rough usage is inevitable ; 
acid-proof cables, and so on. The use of asbestos as a fire-resisting 
covering for cables is not without risk, since the asbestos may 
serve as a wick for oil in case of switchboard fires or explosions. 

' Cab-tyre sheathed ' cables consist of single or multiple core 
V.I.R. cables with a substantial sheathing of rubber similar to 
that used for cab tyres, and chosen for its mechanical properties 
and chemical inertness. This sheathing will stand a great deal 
of rough usage and all conditions due to steam, oil, acid, alkali, 
etc., which are likely to be encountered in practice. Besides its 
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use in industrial service of all kinds, this class of cable is suitable 
for general wiring work It is useful in making connections to 
lift cars and in wiring to cookers in kitchens; It can be run in 
plaster unprotected, and in general wiring it eliminates conden- 
sation, leakage, and corrosion troubles, particularly if used in 
conjunction with special terminal and connecting boxes in which 
the wire is taken down through an outer vessel and up into an 
inner ‘bell,' the mouth of which is sealed by insulating oil in the 
outer vessel when the whole is assembled. 

IE.E. Rule 65 relates to uncased wiring with tough rubber 
compound protection, and specifies that — 

65. Insulated conductors protected by ad outer reinforcing covering of tough 
rubber compound not less than 50 mils thick and capable of resisting abrasion, 
acids, oils, and alkalis, may be used without conduits or wood casing provided 
that — (a) The resistance of the covering to fire is egual or superior to that of 
vulcanised rubber ; (6) the covering encloses the insulated conductors as a whole 
or each insulated conductor separately ; (c) the conductors comply with the in- 
sulation requirements of Rules 47 and 48, § 280. 

British standard dimensions for armouring, bedding, braiding, 
serving, cab-tyre sheathing, etc., on insulated copper conductors 
for power and light service are given in B.E.S.A. Specification, 
No. 7, 1922. 

284. Flexible Wires. — For hanging pendant lamps, and for 
connecting up portable apparatus to wall plugs, etc. , the ordinary 
wires shown in Table 40 are too stiff; and special flexible wires 
( ‘ flexibles ’) are used, consisting of many strands of very fine copper 
wire. The Cable Makers’ Association standards are 0* 007 6 in. 
and 0* 012 in. dia. (corresponding to Nos. 36 and 30 S. W.G.) for 
the strands; strands 0* 004 8 in. dia. (No. 40 S.W.G.) have often 
been used in non- Association flexibles, but such fine wires are apt 
to be brittle, particularly if tinned. Old and new standard sizes 
of flexible cords are shown in Table 41. For similar particulars 
concerning flexible cables, ranging from 140 / *010 in.-792 / *029 in. 
(0*01-0*5 sq. in. nominal area), see B.E.S.A. Specification No. 7, 
1922. 

The thickness of insulation is greater in C.M. A. than in Non- 
Association flexibles, and if tinning be used instead of cotton 
lapping the larger diameter of strands (as compared with Non- As- 
sociation flexibles) compensates for the effect of tinning in making 
fine wires somewhat brittle. I.E.E. rules as to the insulation of 
flexibles are given in the next paragraph. Over the dielectric 
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Table 41 . — Standard Sizes and Approximate GurrenU 
Carrying Capacity of Flexible Cords, 


Naml 

Old Standard. 

New Standard. 

B.B.S.A. Standard 
Resistance per 1 000 yds. at 
60° F. Ohms. 

Approximate Carrjdng 
Capacity (Table 40). 
Amps. 

Approximate Overall Dia.* 
In. 

Approximate Equivalent 
Solid Wire, S.W.G. 

er of Wires of 
Size. 

Nominal Conductor 

Area In. 

Number of 
Wires of Dia. 

Nominal Conductor 
Area Sq. In. 

;y.oo 
^ 0 

0 0 

6^ 

U2? 

CO 

CO ^ 

36 s.w.a 
(0-007 6"). 

0 

t- 

0 

0 

0 

0 

0 

34 

22 

14 - 

O’ 000 6 

14“ 

7 

00006 

39*7 

2-5 

•24- -28 

22 

56 

3C 

22 

O’ 0010 

23 

11 

00010 

24-2 

4*1 

•27-'30 

20 

100 

64 

40 

O’OOIS 

40 

16 

00017 

13-9 

7-0 

•29- '32 

18 

178 

114 

71 

0’ 003 2 

70 

28 

0 0030 

7*94 

12-9 

•33--36 

16 

278 

178 

111 

0’ 005 0 

110 

44 

0 0048 

5*05 

19-0 

•37-*40 

J4 

___ 

— , 

— 

— 

162 

65 

0 0070 

3 ’43 

24-0 

•41-*42 

13 


there is generally a covering of either cotton or silk, and two or 
three separate wires are then twisted together to form a twin or 
triple flexible. Where subject to rough mse the two wires are 
padded to a circular shape and then covered by an outside pro- 
tective layer of braiding; this class is known as ‘workshop 
flexible/ 

It is sound policy to assume a low current-carrying capacity 
for flexihles (particularly in the smaller sizes), because individual 
strands often break at many points, particularly in leads supplying 
vacuum cleaners, flat irons, and other portable apparatus. The 
resulting local reduction in effective copper section increases the 
current density at the point affected. 

Useful information on the mechanical testing of flexihles for 
wearing quality, etc., is to be found in Report No. 32529 of the 
Electrical Testing Laboratories to the National Electric Light 
Association (U.S. A.) ; see also Electricity, Vol. 34, p. 772. 

285 . LE.E. Rules as to Flexihles. — The wiring rules of the 
I.E.E. (Nos. 53-5S) lay down the following requirements as to 
flexihles : — 


VOL. I. 


Depending on type of protective covering. 
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53. Size , — Flexibles must be made up so that the total cross-sectional area 
is not less than equivalent to No. 22 S.W.G., and they must be composed of wires 
twisted together on a short lay, no wire being smaller than a No. 36 S.W.G. 

54. Dielectric and Tests. — The insulating material used as the dielectric must 
be pure rubber equal to washed para rubber or vulcanised rubber of the best quality. 
The pure rubber must be laid on in two layers, care being taken that the edges 
of each layer overlap, and the radial thickness of the dielectric must not be less 
than 20 mils. Each coil of pure rubber flexible must be tested in air for 15 minutes 
with a pressure of 1 500 V alternating between the conductors at a frequeyucy of 
60-100. 

55. Vtolcanised Rubber. — Vulcanised rubber flexible must be insulated with 
one layer of pure rubber and two layers of vulcanised rubber ; the minimum in- 
sulation resistance and radial thickness of the dielectric must be those specified in 
the Table (§ 280) for 250 V or 650 V cable having similar cross-sectional area of 
conductor. In the case of flexibles having a conductor cross-sectional area less 
than 0* 000 9 sq. in., the radial thickness must not be less than 33 mils for low 
pressures and not less than 62 mils for medium pressures. The pressure tests and 
insulation tests must be applied before braiding, and as specified in Rules 47 and 
48, § 280 y with the exception that the pressure tests maybe applied for 15 minutes 
only. 

56. Sulphur. — Insulating material containing sulphur must not be in direct 
contact with copper wires (Rule 41, § 280). 

286. Drop of Volts in Cables. — In col. 3a of Table 40 (§ 280) 
are given the approximate lengths of each size of wire in which, 
with the current in the preceding column flowing, there will be a 
drop of 1 V. If the current is halved the length for the same drop 
of pressure will be doubled, and so on, in inverse proportion. 

For example, using 3 / *029 ins. wire, if the current carried is the maximum 
allowable, viz. 7*8 A, the drop is 1 V in about 31 ft. Therefore, if the pressure of 
the supply in question is 220 V, and we arrange for 4 V drop in the branch wires 
(out of the 5J V allowable, § 278), we are limited to 124 ft. of wire, i,e. 62 ft. run 
of lead and the same of return. 

Generally the length of wire and the current are known and it is required to 
find the size of wire which must be used. Thus, the pressure being 110 or 220 V, 
we may generally allow up to 2 or 4 V drop respectively in the branch wiring ; 
now by Ohm’s Law the total resistance of the conductor will be -E? / J, J57 being 
the drop in volts allowed ; then if we know the total length (lead plus return) and 
the resistance of that length (by the above calculation) the resistance per 1 000 
yards can be found at once by simple proportion, and from this the nearest size of 
wire can be selected from the wire table (col. 8), as in examples (Table A on 
opposite page). 

Care must be taken to see that the cable selected on the basis 
of voltage drop is not too small for the current it has to carry; 
this may be ascertained by reference to col. 3 of Table 40. Also, 
if the size comes out smaller than 3 / •029 ins. (3 / 22 S. W.G.), that 
wire is the smallest which should ordinarily be used. Of two 
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Table A. — Examples in Selecting Size of Conductor, on the 
Basis of Assumed Voltage Drop. 


j Drop 

1 Allowed 

i JS. 

1 

Current 

./. 

R=: /^/ /. 

Length 
Lead and 
Return. 

Proportional 
Resistance per 

1 000 Yds. 

Nearest Size Iroiri 
Col. 8 of Table 40. 

v. 

Amperes. 

Ohms. 

Yds. 

Ohms. 

S.W.G. 

2 

5 

0-4: 

40 

10 

3/21 

4: 

5 

0*8 

60 

13 ‘4 

3/22 

2 

7 

0-28 

50 

5*7 

7/22 

2 

7 

0*28 

80 

3*5 

I 7/20 

2 

13 

0-15 

30 

5 

7 / 22 or 3 / 18 


sizes, in cases of doubt, it is better to use the larger, especially if 
the current is near the maximum allowable by the Table or if the 
air temperature is liable to exceed 80° F. In the case of mains 
and sub-mains, where extensions may cause an increase of current, 
it is also best to be liberal in the size used. 

287. Insulating Materials for High-Pressure Cables. — 
General information concerning insulating materials is to be found 
in Chapter 2. The notes here given relate to the characteristics 
of various insulating materials as affecting the use of the latter 
in high-voltage cables {see also §§ 281, 283 for low- voltage cables, 
and § 288 for extra high-pressure cables). The inductance and 
capacity of cables are discussed in §§ 310, 311. 

Air under pressure (§ 78) has been used experimentally as 
^ dielectric for high-voltage ‘ cables ; ' with a ^ in. conductor inside 
a 4-in. iron tube, and air at 120 lbs. per sq. in., it is possible to 
transmit energy at 60 000 V (J. S. Highfield, El. Bev., Vol. 91, 
p. 919). 

Bubber is too costly for use as insulating material on high- 
pressure cables ; it has a high insulation resistance, but has lower 
break-down pressure than paper, and both the insulation resistance 
I and dielectric strength of rubber depend greatly on its composi- 

tion and degree of vulcanisation. The proportion of pure rubber 
in the mixture is generally from 30-60 °/^. Rubber insulation 
is liable to attack by ozone and nitric acid formed from the 
, atmosphere in the neighbourhood of e.h.t. conductors ; a sheath- 

ing of bitumen between rubber and conductor eliminates this risk. 
The lower specific inductive capacity of paper as compared with 
rubber is an advantage in cable construction. 
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The general properties of vulcanised bitumen include a 
tendency to break short at low temperatures, particularly under 
shock, and to soften and permit decentralisation of conductors 
when heated in service. However, manufacture of these cables 
has improved greatly during recent years. Two- and three-core 
bitumen cables are generally found more reliable than single- core 
cables, and A.C. cables give less trouble than C.C. cables of this 
type. Vulcanised bitumen is immune from attack by acids, but 
alkalis cause a certain amount of surface attack. From an ex- 
tensive investigation, C. J. Beaver concludes that the softening 
of bitumen by saponification is attributable to leakage current, 
moisture (in so far as the latter is required to render braid- 
ing conducting), and heat, the eflfect increasing with the time 
these conditions endure. Saponification troubles occur only on 
negative cables, since it is only there that alkali is produced 
electrolytically. The incorporation of 5-10 7o high-grade 
vulcanised rubber in vulcanised bitumen is said to give a material 
free from any softening trouble, even under severe conditions of 
practice, and superior to either ingredient alone. The principal use 
of bitumen cables is as distributors in mining and other industrial 
service; a bitumen sheathed cable with bitumen “wormings” 
between the component conductors, which are themselves insulated 
with bitumen is practically moisture-proof. The bitumen should 
be forced into the interstices between the strands of each con- 
ductor to prevent creeping” of moisture from a defective point. 

Paper insulation is employed in most cables for pressures 
of 3 000 V or higher, owing to its good mechanical and electrical 
properties. Suitable paper stands heating in service better than 
rubber ; also it is cheaper than rubber and has a very high break- 
down pressure (about 200 kV (R.M.S.) per cm., as a commercial 
maximum, with 120 to 150 kV as the basis for guarantees), though 
its insulation resistance is low, say 70-100 megohms per mile 
in large and 150-300 megohms per mile in small paper cables. 
Unusually high insulation resistance in paper-insulated cables does 
not necessarily indicate over-heating of the latter in manufacture 
and is not a reasonable basis for rejection, though it is sometimes 
laid down as such in specifications. In this country, pure manilla 
paper is considered best for insulating purposes ; on the Continent, 
paper containing a proportion of wood pulp is often used, on the 
ground that it absorbs impregnating oil more freely. Probably 
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the cheapness of the impure paper is a major consideration. 
Paper-insulated cables may be impregnated (under heat and 
vacuum) after the paper is applied, or the paper strip may be 
impregnated before being wound on the cable. In the latter case 
a more viscous irnpregnant may be used, the heating period for 
drying out the cable may be reduced, and no difficulty is found in 
excluding air bubbles. The impregnating compound should not 
set stiff or hard but should be oily in nature so that the paper 
is not torn when the cable is bent. Break-down by ionisation 
results if voids are caused by the paper absorbing filling material 
from the interstices of the strand, or by the irnpregnant not 
flowing to fill up bends. Paper itself is very hygroscopic, and no 
impregnation renders it waterproof to the extent required for 
insulating purposes; hence it is most important to protect all 
joints and ends during laying, and to keep them perfectly sealed 
when in service. 

Varnished cambric {Empire cloth) is used, particularly in 
America, as insulation for cables which may be exposed to oil 
or acid as in the case of connecting-cables in power houses, switch- 
boards, accumulator rooms, etc. In these applications the cable 
can be used with a simple braiding and the ends need not be 
sealed. Though much less hygroscopic than paper, varnished 
cambric must be lead sheathed if it is to be used underground. 
For underground service paper insulated cables are generally to 
be preferred. 

British Standard thicknesses of dielectric, sheathing, and 
armouring for various types and classes of cable are specified 
fully in B.E.S.A. Report, No. 7. 

288. Extra High-pressure Cables. — The object of using very 
high pressures for transmission purposes is to reduce the weight 
of metal required to conduct the power in question. However, 
this idea must not be carried too far, particularly in insulated 
cables. The electrostatic strain on the insulation surrounding a 
charged conductor increases with the pressure to which the latter 
is charged, and also increases with the curvature of the conductor, 
i.e. is greater for a small wire than for a larger wire charged to 
the same pressure. The minimum permissible conductor radius 
in a high-tension cable is r = (V / S) cms., where V = R.M.S. volts 
p.d. between conductor and sheathing, and S = maximum safe 
dielectric stress in R.M.S. volts per cm. {see also § 72). This 
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assumes that the conductor is circular in section. If it be 
stranded, the sharp curvature of the outer-strand conductors 
themselves will intensify the electrostatic stress, but this may be 
overcome by pressing a lead sheathing on to the stranded con- 
ductor so as to give it a smooth cylindrical surface. If the mini- 
mum radius r, determined by consideration of electrostatic stress, 
be greater than the radius dictated by consideration of electrical 
conductivity and mechanical strength, the weight and cost of the 
conductor may be kept down by adopting a tubular section of 
external radius r. A rigid tube of metal would be of very limited 
applicability, but flexibility may be maintained by using a ring of 
small conductors laid on to a lead-tube core, to keep them in posi- 
tion, and sheathed with lead to obtain a smooth circular periphery. 
By using a paper tube as mandrel for the outer ring of conductors, 
and placing an ordinary stranded conductor inside the paper tube, 
the ' split conductor ’ needed by the Merz-Price protective gear 
(§ 359) can be obtained without increasing the overall conductor 
diameter (as compared with the previously mentioned lead-tube 
core construction). 

There is no special difficulty in insulating cables for pressures 
up to 20 000 V between cores, and 3-core, 33 000 V cable is now 
a standard commercial product. If required, 3-core, 44 000 V or 
66 000 V cable could, it is believed, be supplied under satisfactory 
guarantees. For underground transmission at higher pressures 
between phases it would probably be cheaper and safer to use 
single-core cables (see also § 319). The Gennevilliers (Paris) 
system uses considerable lengths of 33 000 V single-core cable, 
with 60 000 V between phases. 

A typical British 3 -core cable for operation at 33 000 Y between phases has 
three stranded conductors, each of 0*2 sq. in. section and covered with J in. layer 
of paper ; round the three cores is another J in. layer of paper, outside which 
comes the lead sheathing, a jute bedding, double armouring, and the outer serv- 
ing of jute. There is thus J in. of paper between cores and between each core of 
the lead sheath. The cable is about 4 ins. diameter overall and weighs 72 lbs. per 
yard. 

289. Graded Insulation and Intersheaths for E.H.T. 
Cables. — Graded Insulation , — Where a charged cylindrical con- 
ductor is surrounded by a uniform thickness of a homogeneous 
insulating material, the electrostatic stress on the latter is much 
more intense on the inner layers, adjacent to conductor, than on 
the outer layers. In other words, the ' potential gradient * is not 
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uniform, and tho inner layers of insulation may be broken down 
or deteriorated by overstrain {see, however, § 72). One way of 
overcoming this difficulty is to use successive layers of different 
insulating naaterials having different specific inductive capacities. 
The complete insulation then consists of a number of concentric 
tubular condensers connected in series, and the distribution of 
pressure through the insulation is determined by the electrostatic 
capacity (§ § 46, 60, YO, 107 ii) of the several layers. Theoretically, 
the total electrostatic stress could be distributed uniformly 
through the whole thickness of insulation by this means, but in 
practice the method involves grave difficulties. In the first place, 
consideration of manufacturing cost limits us to, say, three or 
four layers of insulation, so that the resultant pressure gradient 
curve consists necessarily of a number of ' steps.’ The chief difl5- 
culty, however, is to obtain even a few insulating materials of 
suitable electrical and mechanical properties, which can be used 
in the first place and relied upon to preserve their properties un- 
changed, and not to attack each other chemically in the course of 
twenty or thirty years. The intersheath method is more flexible 
and probably more reliable. 

Inter sheaths , — An alternative method of maintaining definite 
potentials at certain depths in the insulation, thus ensuring that 
the electrostatic stress across intervening parts shall not exceed 
a predetermined maximum, consists in laying on thin metallic 
sheathings from time to time during the application of the insula- 
tion, which is itself of the same material throughout. There are 
thus obtained a series of concentric electrodes in the insulation, 
which can he " anchored ’ at any desired potential ; the potential 
gradient in the outer layers of insulation may be higher than in 
the inner layers because the outer layers are cooler and therefore 
of higher insulation resistance (§ 71) and lower dielectric 
loss. The potentials of the ‘intersheaths’ may he fixed by con- 
densers connected between them, or by tapping connections from 
transformer or generator windings at suitable points, or, in the 
case of high-tension C.O. on the Thury system (§ 317), by small 
natural or artificial leakage currents, tappings being taken from 
the connections of the series-connected generators. The inter- 
sheaths themselves maybe of lead; they can then be applied easily 
with smooth interior and exterior surface, and the cable can be 
tested thoroughly after each intersheath is applied — which is an 
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important manufacturing advantage. The intersheaths may also 
he used for maintenance tests in service (Chapter 40) ; or they 
maybe of copper wire and used for power transmission (§ 319). 

As described by Beaver {Jour. LE.E. Vol. 53, p. 57), a single cable designed 
for use in a 3-pbase line, for a working pressure of 100 kV per phase and a break- 
down pressure of 250 kY per phase, consists of an inner lead tube of 0*27 in. bore 
and 0*06 in. radial thickness, on which is a single layer of nineteen 15 S.W.G. 
wires sheathed by an outer lead tube of 0*05 in. radial thickness. The first layer 
of paper insulation is 0‘ 545 in. in thickness, and is covered by a 0*05 in. lead inter- 
sheath. The second layer of paper is O’ 565 in. thick, and the outer lead sheath 
is 0*16 in., bringing the overall diameter of the cable to 3*27 ins. The maximum 
stress in the dielectric at the working pressure is 52 kV per cm., giving a factor of 
safety of about 2J. By accepting a lower factor of safety, the overall diameter 
could be reduced yet further. 

The difficulties encountered in manufacturing intersheath 
cables have been overcome, and sample 100 000 V cables have 
given satisfactory results on test. The conditions calling for 
grading (either by graded insulation or by intersheaths) are: 
(1) working pressures exceeding 60 kV ; (2) maximum stresses 
above 60 kV per cm. ; (3) where cable diameters, without grad- 
ing, would exceed, say, 3 ins. For most practical purposes one 
intersheath will suffice. The saving possible by using graded 
cable is greater the higher the working pressure and the smaller 
the conductor to be insulated. In the present state of practice, 
such cables as considered above are required only for short- 
distance interconnecting with e.h.t. transmission lines I in city 
areas or round about power houses, railways, etc. Should long 
intersheath cables come into use, their considerable capacity 
current (§ 311) will necessitate ‘feeding' the intersheaths at 
intervals along the line, unless, of course, the Thury C.C. system 
(§ 317) is employed. 

290. Cable Construction, Jointing, and Laying. — The con- 
ductors in cables are generally stranded and of circular cross- 
section, either of rope form (two conductors being placed side by 
side, or three at the apices of a triangle), or tubular, as in con- 
centric cables. Single-core cables are easier to make, lay, and 
joint than 3-core cables, but the eddy current losses in the sheaths 
are heavier and if single-core A.O, cables be armoured the induct- 
ance becomes excessive. Probably the largest 3-core cable yet 
built is a 3 X 0*5 sq. in., 11 000 V cable connecting a 12 000 
kVA generator to the bus bars in the Neepsend station. The use 
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Rubber Insulated Cables. 

The upper illustration shows a small single-core cable and the lower a concentric 
(jable. The tinned copper conductor is first covered with a layer of pure rubber. 
Outside this tliere is a layer of separator rubber (usually light coloured) containing a 
small percentage of sulphur; and then tlie Jacket rubber, with the full quantity of 
sulphur for vulcanisation. The cable is lapped with proof-tape, vulcanised, cotton- 
braided, and impregnated with ozokerite compound. In the concentric cable, a tape 
toutaining a large proportion of zinc oxide is placed between the outer conductor and 
tlie taping of the inner. 



B.I. (& llelsby Cables, Ltd. 


Vulcanised Bitumen Cable. 

The vulcanised bitumen is applied, under high pressure, to the conductor while 
warm. A thin separator of impregnated paper is sometimes interposed between the 
conductor and the bitumen. 



Paper-Insulated Lead-Sheathed Cable. 

Cross-section of three-core, O’l sq. in. cable to 
B.E.S.A. specification for 10 000 V. Insulated with 
impregnated paper, lead-sheathed, served with com- 
pounded jute, double steel tape armour, and com- 
pounded Jute serving overall. 


G.E.G, {London). 


{To face V. 408. 




If’. T. Henley's Telegraph Works Co., Ltd. 

Solid-Type Brakch Box for 3- or 4-core Paper-Insulated, Lead- 
Covered AND Armoured Cables. 

Tlie teo-coMuections are made by means of tinned brass connectors with steel 
grub-screws and solder holes. The cores are held apart by porcelain spreaders and 
the box is filled with molten insulating compound through apertures provided in the 
cover (not sliown in the figure). 

\To face p. 409. 


Johnson cO Phillips, Ltd. 

Insulated Power Cables Carried by Overhead Steel Wires. 

The tlirec cables illustrated (0*04 sq. iu. and 0'06 sq. in. for 2 200 V, and 7 / 15* 
S.W.G. for 6 GOO V) are all 3-core, paper- insulated, lead-covered cables with weather- 
proof serving. They arc suspended from a 19 / 14 S.W.G. steel suspension wire on 
steel towers at about 85 yds. span ; and the height of the wires above ground is about- 
45 ft. Fully insulated and served cables were employed because of corrosive fumes 
from blast furuaces near by, and because the cable passes over several roads and 
railways.^ Also, it is intended to mount steam pipes on the same towers, and it would 
be undesirable for men to work on these pipes below bare high-tension wires. 



INSULATED WIRES AND CABLES- 

>LES § 391 

of tubular or ring-formed conductors to reduce ele' 
is discussed in § 289. Individual cores may be'^'^ should be 
concentric sections lightly insulated feqm eacP^ unne o * ® 
circular form (or elliptical form in 3 -core cables^ mass coo s. arp 
to use the split-conductor protective systeW'^''^^®® T , 

‘pilot ’wires are then unnecessary. The 0111^^^"^^*° 
ductor saves space as compared with circul „ 
unduly increasing electrostatic strain. UptolOl?^ various types o 
shaped cores effect important saving in size ecause i 

cables, particularly when the copper sectio;^^ ^ came y 

In high-tension cables the additional insul-fj e 

enhanced electrostatic stress at the corn>^ ff “ Table 40 § 280 

balances the saving otherwise to be deriv^iA®^ ^ 

form of the sectors. The economic po.'^^ J^perature of the air 

conductors are reviewed in §§ 308, 331' 

1 4 • u L oa o, 1 - ^ F. in the case of 

ductor 18 about 29 I larger in diarueter i? • i i 

of equal conductivity, the extra insi|.»'^' ® paper-xnsulated 


quired is a serious consideration. 


l^ermissible in multi- 


Xlizjva. AO CU OOJU1VJU.O VjVJXJ.OAV4.CXaiUiV./JJl. V J-I 1 . • rn -I 1 

Insulating materials and their ‘grading ues given ^ ® 
287, 289. A point of some importance in laying out 
bution schemes is the possibility of saving money by 
cables which can subsequently be operated at higher, 
than at first, the change being made when demanded by foHowing 
in the load supplied. The question whether an existing c 
safely be run at higher pressure than was originally contend. .* The safe 
depends upon the factor of safety then allowed, and ° 

history of the cable in service, i.e. the average and mas!*’^^28onor 
current densities at which it has been worked and the pni in ducts 
surges to which it has been exposed. As explained in § 
cables must withstand higher maximum pressures (apart f^®^ 
surges) than 0 . 0 . cables working at the same effective prcs 8 'L.t;g,ijje^ 
Also the maximum dielectric stress (§ 289) must be kept dowrr as 
in A.C. cables to avoid serious heating by dielectric losses (§ 312). 

Single or double armouring may be used, according to local 
conditions, if the cable is to be laid directly in the ground ; and 
it is then a sound precaution to place a row of tiles or the like 
over the cable before filling in. Eound wires are generally used 
for armouring, fewer being required, though they are heavier than 
segmental wires. Tape armouring tends to pull open under 
tension (as in pit-shaft cables). The conductivity of the armouring 
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sast 50 7o that of the largest conductor en- 
f cables (Chapter 32) ; in single-armoured cables, 
ay have 25 of the conductivity of the largest 
^^opper sheafch within but separated from the 
L frequently employed. To resist corrosion by 
be galvanised and covered by an impregnated 
corrosion of cables by stray earth-current 

system "of laying cables, the latter are placed on 

in a cast-iron or stoneware trough, which is 

* — ' bitumen or compound and closed by a cover- 

^ unarmoured cables are generally employed- 

Insulated satisfactory in the tropics, but 

>pP^nd ; the facility with which fresh cables 
The three cables , « . . . , ± 

S.W.G. for 6 600 V) a'^ ^^^os Withdrawn tor repair, is an important 

proof serving. They *, heavy traffic on roads is apt to injure 

steel towers at about ' i -i -i-i i i i i 

45 ft. Fully insuiaty^' lu such cases tlexibility should be 

from blast furnaces pear 'df,^^ cable ‘ direct ’ or by laying it on the 
railways. Also, it is mteuo^c ^ o 

be undesirable for meKbAlble WOOden troughing. 

; laid directly in the ground or on the solid system have 
ilities for cooling than cables which are drawn into 
he drawing-in process necessarily involves some risk of 
the cable. The cost of trenching and tunnelling when 
ibles may often be greatly reduced by using the Mangnall- 
thrust borer.’ This is an hydraulic machine which drives 
of any desired diameter (up to 12 ins. as a maximum under 
:able circumstances) on a predetermined alignment through 
rth between two access pits which may be, say, 40 ft. apart, 
soil is displaced {not removed) and the hole is thus left with 
nsolidated surface which will allow a cable to be drawn through 
.ohout undue resistance. If desired, pipes can be left in the 
lole as it is bored {EL Bev,, Vol. 90, p. 545). 

Joints in cables may be made in junction boxes or, perman- 
ently, in the run of the cable itself. In the latter case the general 
aim is to make the joint electrically as similar as possible to the 
cable itself. Insulating material, such as impregnated paper 
strip or rubber tape, may be built on to jointed conductors, or 
the conductors may be held apart by porcelain or other separators, 
a lead casing being then wiped on to the lead sheathing at each 
side of the joint and filled with molten insulating compound. 
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The lafcter should be kept warm for a time, and there should be 
a reserve of hot compound in the extended top or funnel of the 
casing to make up for contraction as the mass cools. Sharp 
edges or points of solder on the joint, air-bubbles or films, and 
inclusion or ingress of moisture are particularly to be guarded 
against, especially in h.t. cables. 

291. Heating of Cables. — The heating of various types of 
cables under various service conditions is important because it 
determines the maximum current which may safely be carried by 
the cable. The current-carrying capacities of rubber insulated 
and paper or fibre-insulated cables as specified in Table 40, § 280, 
apply to single cables run in pairs and touching one another and 
refer to situations where the maximum temperature of the air 
does not exceed 80° F. ; also, they correspond to a rise in tempera- 
ture (above that of the surrounding air) of 20° F. in the case of 
rubber-insulated cables and 50° F. in the case of paper-insulated 
cables. To determine the maximum current permissible in multi- 
core cables (for the same temperatures), the values given in Table 
40 must be multiplied by 0*93 for concentric cables ; 0’88 for 
3-core cables ; and 0’82 for 4-core cables. 

The Henley Manual gives tables of current-carrying capacities of insulated 
cables (for pressures up to 6 000 V) based approximately on the following 
data : — 

{a) For situations where Uie air temperature does not exceed 80° F. : The safe 
carrying capacities for two single cables laid together are : For rubber cables 
erected in air, wood casing, exposed or buried conduit ; and for paper, lead- 
sheathed cables in ducts underground; the same as shown in Table 40 (§ 280) for 
rubber and paper cables respectively. For bitumen insulated cables in ducts 
underground, about 0*9 times the values for rubber-insulated cables (assuming 
that the bitumen cable is not allowed to reach a total temperature higher than 
110° F.) 

The safe current for one smgle cable or for one multi-core cable is obtained 
approximately by multiplying the value for two single cables by a factor as 
follows : — 


For one single cable multiply by IT. 

For one concentric (or twin) cable multiply by 0‘93. 

For one 3-core cable multiply by 0-88. 

For one 4-core (or twin concentric) cable multiply by 0-82. 

If several cables are laid together, multiply the safe current for one cable by 0*9 
for two cables ; by 0*85 for three cables; and by 0*8 for four cables. 

If the cable is installed otherwise than stated above, multiply the value so far 
obtained for the safe current by a factor as follows : — 
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Method of Installation. 

Rubber Cable. 

Paper, Lead-sheathed Cable 
or Bitumen Cable. 

Cleated to wall .... 

1*0 

0*9 

In underground duct 

1*1 

1*0 

Solid system 

1*2 

1*1 

Direct in dry soil .... 

1*3 

1*2 

»i n wet . . • • 

1*4 

1*3 

Under water 

1*5 

1*5 


(b) For situations where the air temx^erature exceeds 80° F. In addition to 
the correction factors given above, which must be applied successively in so far as 
they are applicable, the safe current value now obtained must be multiplied by a 
factor to allow for the higher initial temperature of the air, as follows : — 


Initial Air 
Temperature. 

Rubber 

Cables- 

Paper 

Cables. 

Bitumen 

Cables. 

° F. 

90 

0*87 

0*93 

0*82 

100 

0*71 

0*85 

0*68 

110 

0*50 

0*76 

— 

120 

— 

0*65 

— 

130 

— 

0*54 

— 

140 

— 

0*38 

— 


Example . — What is the safe current for four, 3-core paper cables laid solid in 
a situation where the initial air temperature is 110® F. ? Each core is a 7 / *064: 
conductor. 

From Table 40, the safe current for two single paper cables of this size is 
75 A. Multiplying this value successively by 0-88 because 3-core cables are con- 
cerned ; by 0*8 because four cables are laid together ; by I'l because the cables are 
laid solid ; and by 0*76 because the initial temperature is 110° F., we have : Safe 
current = 75 x 0*88 x 0*8 x 1*1 x 0*76 = 44 A (approx.). 

It should be noted that the air temperature in the shade is no guide to the 
temperature 2 or 3 ft. below ground where the surface is exposed to the full sun 
and may reach 160° F. or higher temperature. 

The heating in a buried cable on load varies with the method 
of laying, with the thermal properties of the insulating materials, 
and with the current density in the cable (see also I.E.E. Report, 
§ 293). If the temperature rise be excessive the insulating 
material deteriorates and the cores in vulcanised bitumen cables 
may be decentralised. The total temperature should not ex- 
ceed 120° F. for rubber cables; 150° F. for paper cables; and 
110° F. for bitumen cables. In practice, trouble due to overheat- 
ing generally takes the form of pulling-out at joints, and of 
broken or crumpled sheathing, due to the forces of expansion and 
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contraction ; direct injury by the actual temperature attained is 
seldom experienced. ’ In emergency, the carrying capacity of 
cables laid in ducts can be increased by forcing cool air through 
the ducts by blowers situated at alternate manholes, the warm 
air escaping at the intermediate manholes. Cables supplying 
cyclic loads {i.e. loads which demand current for relatively short 
periods followed by periods of little or no demand) may carry 
considerably higher current than would be permissible continu- 
ously ; the actual safe current can only be determined by plotting 
the heating and cooling curves of the cable from tabulated ex- 
perimental data, or by direct measurement of the steady tempera- 
ture reached after a prolonged series of duty cycles. 

[At the time of going to press a report on the heating of buried cables is in 
preparation by the B.E.B.A. and will be published in the Journal of the I.E.E.] 

292. Submarine Cables. — There are a number of cases in 
which electric power cables (as distinct from telegraph and tele- 
phone cables) are laid in sea- water, across bays, channels, estu- 
aries, etc. The following notes are instructive: — 

Two cables were laid (in 1915) a distance of 13 000 ft. across the Golden Gate 
(San Erancisco) to deliver 18 000 H.P. at 11 000 V. Each cable has three copper 
cores (of 350 000 circ. mil * area at the shore ends and 250 000 circ. mil * for the 
deep-water sections), insulated by rubber and varnished cambric, and enclosed in 
a 5/32-in. lead sheath. Two layers of jute form a cushion for the steel armouring, 
which in turn is covered by jute and a layer of sand and asphaltum. The overall 
diameters of the shore end and deep-water sections of the cable are ins. and 
4 ins., the weights being 22 and 19 lbs. per ft. respectively. Since the tide runs 
at 6 knots and the water is over 200 ft. deep (from which depth the cable could 
not safely be hoisted for repair), each power cable is carried by a l|-in. stranded 
steel messenger cable. The two cables are bound together by a continuous wind- 
ing of two galvanised wires, soldered every 12 ins. (to prevent unwrapping should 
the wire break), and wound in a number of turns at one point every 20 ft. The 
messenger cable relieves the cable and joints from all tension. There are eleven 
splices in each completed cable. The safe carrying capacity of the cables is 350 A 


*In the U.S.A. the standard unit in which to express the sectional area of 
wires is the circular mil (circ. mil or C.M.). The term circular mil denotes the 
area of a circle 1 mil or 0* 001 in. in diameter ; hence 1 circ. mil = 0* 785 4 sq. 
mil = 7*854 x lO-*^ sq. in. =; 5* 067 x 10-^ sq. mm. The sectional area of a 
round wire in circ. mils is numerically equal to the square of its diameter expressed 
in mils (i.e, in thousandths of an inch). Conversely, the diameter of the wire in 
mils = ^(Area in circ. mils). Thus 350 000 circ. mils = 0* 274 9 sq. in., and is 
equivalent to a solid round wire of a^SSO 000, i.e. 590 mils or 0*59 in. diameter. 
Similarly, 250 000 circ. mils = 0* 196 4 sq. in., and is equivalent to a round wire 
of 0*5 in. diameter. 
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or 400 A in emergency. The specification required a test pressure of 30 000 V, 
60 cycles between cores for 30 mins. ; the actual break-down pressure is 100 000 V 
between cores (see also El. JEJe-y., 78, 443). 

More recently a 25 000 V cable has been laid 3J mis. under the sea, at a maxi- 
mum depth of 125 ft., between Palsjo (Sweden) and Marienlyst (Denmark). This 
cable supplies about 5 000 kW, 3-phase A.G., and uses impregnated paper insula- 
tion, a fact which involved very great care in making joints at sea whilst laying 
the cable. The twin copper cores (0* 019 sq. in. each) are insulated for 35 000 V, 
and the cable is lead-sheathed, and armoured by special Z -shaped wires. The 
overall diameter is 3*6 ins., and the weight 19 lbs. per ft. run. Iron coupling 
boxes 5 ft. in length transmit strain in the armouring across the lead-sheathed 
joints, of which there are eight. A steel cable is laid alongside to protect the 
power cable from damage by anchors. 

As will be gathered from these particulars, any waterproof 
cable of suitable mechanical strength can be used under water, the 
chief problem being to provide for laying and recovering it with- 
out mechanical injury. The stiffness of adequately armoured 
cables makes them difficult to handle ; for this reason and because 
of the high capacity of the cable (§ 311 ) the length of submarine 
power cables is limited to a few miles. The cable may be carried 
on the cable-laying ship by a drum capable of rotation about a 
vertical axis, or it may be coiled in figure-of-eight formation on 
deck. The external covering of compounded jute is mainly useful 
in preventing damage during laying. It is difficult to make 
splices whilst laying the cable, and splices are always a source of 
electrical and mechanical weakness; they may be avoided, in 
cables of 2 mis. or so in length, by using cable insulated with 
rubber compound and with no lead sheathing. 


The construction of a cable of this type laid, in 1922, between N. Brothers and 
Bikers Islands, East Biver (N.Y.) is: Two No. 0 A.W.G. stranded conductors, 
e|a,ch insulated with ^ in. of 30 rubber compound and covered by one rubber 
filled tape. The insulated conductors are twisted with paraffined jute fillers, and 
over this is a rubber filled tape and two layers of asphalted jute. The latter 
serves as bedding for a layer of No. 6 A.W.G. galvanised steel wire armour (drawn 
through asphaltum compound before application) ; outside this is a layer of No. 4 
A.W.G. galvanised steel wire wound in the opposite direction. The complete 
cable is 2*92 ins. outside diameter and weighs 31*8 lbs. per yard. 

293. Bibliography (see explanatory note, § 58 ). 
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Board of Trade Begulations (Electric Lighting Acts, 1882 and 1888) ; 
Publication 2 C (P) (Stationery Office). 

Electricity Commissioners’ Begulations (Under Sec. 4 of Electric Lighting 
Act, 1888) ; Publication El. C. 12 (Stationery Office). 
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CHAPTER 14. 

TRANSMISSION OF POWER : OVERHEAD AND 
UNDERGROUND. 

294. D.C. and A.C. Calculations. — In this chapter examples 
are first worked out by approximate formulae which give, near 
enough for practical purposes, the results required; then the 
more ordinary, but less simple, methods of working are explained. 
Transmission of power- by continuous current is practically con- 
fined to feeders, except where the Thury high-pressure, constant 
current, series system is employed (§ 317). The calculation for 
the size of the conductors for D.C. working is quite straight- 
forward {see § 296), there being then no question of power factor 
or self-induction. With alternating current, on the other hand, 
complications are introduced by the fact that the pressure and 
current are seldom in phase; causes of low-power factor and 
typical values for the P.F. at each end of transmission lines are 
given in §§ 156, 157., 

It must always be remembered that, although laboratory tests 
are capable of exact calculation, the size of conductors in trans- 
mission lines must be one that is manufactured, and, even so, a 
variation of 2 is permissible in the resistance and weight. 
Again, the exact length of the conductors (which in hilly country 
is by no means the scaled length on a map), their spacing- and 
temperature, and the actual maximum load to be carried, are all 
approximations when the calculations are made. So also is the 
power factor of the load, which is speculative until consumers’ re- 
quirements are definitely known. On this account some of the 
calculations following are really carried unnecessarily far, although 
only slide-rule results. If numerical examples are not worked out 
fairly closely, they may not be clear. 

295. General Formulae for Copper. — The approximate sec- 
tional area of the conductor, in square inches, required for any 
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transmission line, may be found by the following formula, 
viz . : — 

. hW X D X n , 

Area = fr^ where 

X L X P.F. 

kW — kilowatts delivered at end of line ; 

D = route yards in length of line ; not lead and return ; 

V = voltage at point of use ; 

L = percentage loss of V (as 5 or 10, not as a decimal) ; 
n = & constant as follows : — 

(i) D.G. or 1-phase, 2- wire system * . . . tL = 4*9, say 5 

(ii) D.O. or 1-phase, 3-wire system ; V measured across 

outers ; for outer conductors n = 4*9, say 5 

Note . — The neutral is generally taken half the size of the outers {see 
Chapter 20). 

(iii) D.O. or 1-phase, 3- wire system ; V measured between 

outer and neutral ; for outer conductors . . w = 1*25 

(iv) 3-phase mesh or star system ; V measured between 

any 2-phase wires n = 2*5 

(v) 3-phase star system ; V measured between outer and 

neutral n = 0* 833 

P.F. = power factor of the load at the receiving end (§ 167). 

Some engineers work out their lines from the generator end, 
assuming the power required there and the percentage loss of the 
pdwer and pressure of the generator ; in the case of small powers 
this can be done, but in a complicated scheme it is obviously 
preferable to work out the power required at the point of utilisa- 
tion, and to decide on the pressure at the lamps and motors, and 
then to work backwards to the plant. Where transformers are 
involved the latter part of § 313 shows the advantage of this 
method. Having found the cross-sectional area of the conductor, 
a reference to the table of cables (§ 280) or solid wires (§ 307), 
as the case may be, will show which standard size is nearest to 
the required size, and this should be taken. Then the weight of 
the conductors in lb. per yd. will be 11*56 times the area in sq. 
ins., and this, multiplied by D, the length of the line, will give the 
total weight of each wire. There will of course be two such 
wires for D.C. and single-phase 2- wire supply, and three such for 
3-phase 3-wire lines. 

From the cross-sectional area the resistance can be found from 
the tables ; the values given are for annealed copper in Table 40 
(§ 280) and hard-drawn copper in Table 44 (§ 307). Alter- 
natively the resistance of either annealed or hard-drawn wire per 
yard may be found from the expression in § 62, and this 
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multiplied by the route length, 1), will i^ive the n'.sisiaiH'e, li, of 
each wire. The values are in (^ach cano tnn^ at F., laif in 
ordinary calculations it is not necessary to make corrections ff>r 
temperature. The loss of power in watts in cacth win* will then 
be and the total loss will Ixi 2Plt lor D.C J. or Hin^flc-pliaHc 
and HPIi for 3-phaH(j circuits. Tln^ loss of pr(*sstirc will be Hi 
in each wire, in phas<‘. with thecurnmt. In applying I his foriiiula 
to overhead lines there is not likcdy to Im any i|nc.stifm of f In* 
conductor boin^ too small to carry tln^ eurnait, but in the ease of 
underground cables a ndVnamce should be* madf‘ to Tal>!e4Ch | 280, 
cols. 8 and 4, to see that th(5 cabh^ (according to its clasH) is not 
overloaded. The current (I amperes), correspomling to fF watts 
delivercfl, is given })y— 

For direct currents, I - Watts <leliv(*red / F. 

For single-phfise, /— Watts deliverer i / F x P. F, 

For 3-phase, I ^ Watts delivererl / F x ! '7d x P.F. 

The Electricity OmimiHsioners’ Regulations eoncmadng tie* mini* 
mutr I strength of overluiad lim^s arc‘. Htimmariserl in § 324, Hanb 
drawn coppeu* wire has a hr(‘4ikiiig stress of frmu 2^ Iouh pm* Hfj. in. 
in large*, Hix(‘.s to 2.9 tons in thr* smaller sixim ttserl for cn'eihcail 
lines. In practicr* it is sehloin advisable use a simtller wire 
than No. 0 S.W.CI 

296. Direct Current Transmission,— In order to eoiiiparf, 

transmission by A.C. with that by D.d, an idiuitimt exiiiii|ile 
may be workecl out for each. 


ABsume tliat ifc is reriiurod to deliver I 000 kW at a H CKKI yrl». frnrri llm 
generator, at a proBBuro V of 6 2B6 V at the rlelivory ericl, the In Irmiiiiiiiiiiiitift 
being 5 of tiie power dcslivered. Tiien tlie initial prifHHimt will li»’ 0 IKII ¥ 
the power at the gencjrator will lie 1 050 kW. The eiirrerit will hii I (MM) ^ I (M'M) ( 
f) 285 (or 1 050 x 1 000 / 0 000) 150 A, and the voliii Irmt in tin* iiitr* II frth*. 

6 285 = B15 V, which in 5 ®/o 0 2B5 V, In D.O. practlci:i fttniso Wfiiiitl 

only be unod with the Thury Byatom (i Bi7), but they liavii \mtm mmimml Imm 
beoauBo 6 600 V h a standard in A.O. work and it mrfm for ptir* 

poses. 

A useful rule for D.C. circuits, involving facicim itifiri 

the general formula in | 295, may Imi giveii liftre, niz, 


Area of comJuctor 


(Jurreiit x 1 ) 

20 OiK> X J'^iHt V'Olte in liriu’ 


Thin gives the area 1.50 x B 000 / 20 W x SIS ^ 0* Wf. im Tls»^ tmh 
stant in the demominator should, strictly tpoaking, lii SO' 8W for MiPwl^ri rnpinfr 
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and 20 380 for hard-drawn wire, ab 60® F., but such accuracy is not necessary in 
commercial calculations. The preceding general formula will be found to give a 
similar result. 

Working out the problem in the usual way, the total resistance of the line 
must be = / J = 315 / 159 = 1’98 n. As the total length is 16 000 yds., the 
resistance will be 0* 000 123 5 H per yd. or 0* 217 Cl per mile. From § 62 it then 
follows that the cross-sectional area for hard-drawn wire will be 0* 000 024 53 / 
0* 000 123 5 = 0* 198 sq. ins., agreeing with the result obtained above. The weight 
of this conductor will (in round numbers) be 0*2 x 11* 56 = 2*31 lb. per yd. (§ 62), 
18 500 lbs. for each wire and 37 000 lbs. for the line ; say 16J tons. 

297. Single-phase A.C. Transmission by General Formula. 

— With the single-phase A.C. 2-wire system, the same virtual or 
RM.S. pressure (§ 31), and unity P.F., the above calculations 
give practically accurate results at ordinary frequencies, neglect- 
ing the self-induction of the line and assuming (as may safely be 
done in ordinary cases) that the conductor is not large enough to 
cause a loss through skin effect (§ 38). 

With lower RF. the current in the circuit is increased, and 
more copper is needed to keep the loss of power the same. 

Thus, assume that with the same effective delivery pressure, viz. 6 285 V, it 
is again required to deliver 1 000 kW with a loss of 5 ®/o of the power delivered, 
the length of the line being unchanged, but the F.F. to be 0*9 instead of unity. 
Then the current will be 1 000 x 1 000 / 6 285 x 0*9 = 177 A, i.e. the current in 
the D.G. example divided by the P.F. ; and the ‘ apparent power ’ delivered to 
the circuit will be 6 285 x 177 / 1 000 = 1 110 kYA (§ 56). The area of the con- 
ductor will be 0* 221 sq. in., found either by dividing the D.O. value by the P.F. 
{i.e. 0* 198 / 0*9) or by the general formula in § 295. The weight will now be 
0* 221 X 11*56 = 2*55 lbs. per yd. or 41 000 lbs. for the whole line, lead and return. 
This is 1*11 times the amount required for D.G. or for single-phase current at 
unity P.F. The factor 1*11 applies to any single-phase transmission at 0*9 P.F. 

With a P.F. of 0*8 the calculations may be similarly worked out, and the re- 
sults will be : Gurrent 199 A ; area of conductor 0* 248 sq. in. ; total weight 
46 000 lbs. or 1*25 times the weight required for D.C. or single-phase current at 
unity P.F. 

The actual loss in the above oases would be a little more than 5 7o» owing to 
the self-induction of the line, but the result is near enough for all practical pur- 
poses. 

298. Area and Weight of Conductor to give same Strain 
on Insulation. — It must be remembered that the maximum 
pressure corresponding to a virtual or R.M.S. pressure of 6 600 V 
is 6 600 X ^2 or 9 400 V (§ 31) ; therefore the insulators in the 
case of A.C. overhead lines would have to be larger, or the insula- 
tion of the underground cable of higher quality, in an A.O. supply 
of the same virtual pressure as a corresponding D.C, supply. 


§ 399 ELECTRICAL ENGINEERING PRACTICE 

To give the same strain on the insulation in the example of §§ 296, 297, which 
would actually be the fairer method of comparison, the virtual pressure with single- 
phase A.C. would have to be only 4 670 V at the generating end (4 670 x ^2 = 6 600), 
so the current and size of conductor would be proportionately increased. The 
actual figures may be worked out from the formula given above, and they will 
show the D.G. system in its most favourable light (see also § 317). 

On the other hand, if there is a fault in the insulation which 
can just he broken down by an alternating pressure of RM.S. 
value E, it will generally be broken down by a D.C. pressure 
much lower than E x ^2, owing to the sustained stress pro- 
duced by the D.C. pressure (the break-down voltage of insulation 
is lower with prolonged application of the pressure, § 72). This 
is an argument in favour of testing insulation by D.C. voltage 
(Chapter 40), but the latter does not subject the insulation to sus- 
tained capacity current, hence the dielectric loss (§ 312) — that 
due to leakage through the ohmic resistance — is lower and the 
heating of the dielectric is correspondingly reduced. For these 
conflicting reasons, the ratio between D.C. and A.C. pressure 
strain is not a physical constant. 

299 . Single-phase Overhead Lines ; Induction, Reactance, 
Impedance.— Although the method employed in the example of 
§ 297 is accurate enough for ordinary work, the effect of induc- 
tion and of the current and pressure being out of phase may be 
followed up further. Assuming that overhead lines are being 
used, so that ‘capacity’ may be neglected (§ 304 et seq.), the 
apparent resistance or ‘ impedance ’ of conductors carrying alter- 
nating currents is made up of two components, viz. ohmic re- 
sistance, jR, which is an absolute function of the material and 
temperature of the conductor; and reactance, S, which depends 
on the working conditions. These components may be considered 
as vectors at right angles, and the total impedance may be found 
graphically by completing the right-angled triangle (see Fig. 10 
in § 44). Expressed algebraically : — 

Impedance = .^(resistances + reactance^) 

= 4. (2 to)s X (L /I 000)2}, 

where n is the frequency in complete periods per second and L is 
the self-induction in millihenries (mH). 

In the example in § 297, the pressure at the receiving end is 6 285 V and the 
energy component of the drop in the line will by hypothesis be 6 ®/o of this or 
315 V, (This is not the actual drop, as will be sew for th^ jeaotance 
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causes a wattless or induction drop as well.) This equals IB (§ 295), and the 
current I (with a P.F. of 0’9) is 177 A. Therefore B — 315 / 177 = 1*77 for the 
whole 16 OCX) yds. (Note here that the power lost = PR ~ IIP x 1*77 or 56 kW.) 
This resistance is equivalent to 0* 000 111 XI per yd., giving a cross-sectional area 
of 0* 000 024 53 /O* 000 111 or 0* 221 sq. in. as before (§ 297). The diameter of 
such a conductor, of solid copper, would be 0*53 in. In practice this would be an 
inconvenient size to handle and difficult to obtain, and two parallel wires each of 
half the equivalent cross-section would be used ; but for the purpose of the ex- 
ample this may be waived. 

Of the three factors shown under the square root sign in the 
above expression for impedance, the first, iJ, is calculated as shown 
in the preceding example. The product of the other two factors 
is the (reactance)'^, and of these {^irnY at the standard frequency 
of 50 cycles is 98 800, or, in round numbers, 100 000. The self- 
induction of the line, L, must be found from the formula * : — 

Millihenries per mile = 0* 080 5 + 0* 741 log [(d - r) f r], 

where d = distance between centres of conductors, in ins. ; and 
r = radius of conductor, in ins. In the case of overhead lines 
{d - r) may be taken as d, since r is relatively small. 

In the example considered, the diameter of the wire is 0*53 in., so the radius 
is 0*265 in., and the distance between conductors may here be taken as 12 ins. 
In practice the spacing would be at least 24 ins. if not 30 ins. {see § 327). 

Then i = 0* 080 5 + 0* 741 log (12 / 0* 265) = 0* 080 5 + (0* 741 x 1* 657) = 
1* 306 mH per ml. or 11*9 mH for 16 000 yds. From this value of jO, we have 
that (L 1 1 000)2 = (11*9 / 1 OOO)^ = 0* 000 141. This gives the reactance,t S as 
(98 800 X 0* 000 141) = 3*72 XI, and the impedance = + 3*722) = 4*12 XI. 

The energy and induction components of the voltage may now be tabulated as 
follows, bearing in mind that with a power factor (cos <p) of 0*9, the wattless or 
induction factor (§ 157) will be - 0*92) or 0* 436 = sin (f>. Both these factors 
are used in Table 42, and this will make their significance clear. 

It will be noticed that if the impedance drop of 730 V is added 
to the delivery pressure 6 285 V the result is 7 015 V, whereas 
the actual generator pressure is only 6 860 V ; this is due to the 
change of phase caused by self-induction in the line, as the 
graphical construction in § 300 will demonstrate. Ordinarily the 
discrepancy may be neglected, at least in preliminary estimates. 
The P.F. at the generator end of the line is lower than at the 
receiving end, owing to this self-induction. The power put into 
the line is seen from Table 42 to be 1 056 kW, and this equals 


* An alternative form is : mH per mile == 0*160 9 {0*5 + 4* 605 log l(d-r) / r][. 
fOr ohmic value of self-induction, which = 27r x periods x henries. The 
E.M.F. of self-induction = reactance x current. 
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Table 42. — Voltage Components and Power in Single-Phase 

Overhead Line. 



Voltage. 



Energy 

Com- 

ponent. 

Induction 

Com- 

ponent. 

Power. 

At delivery end — 

Energy component 0*9 of 6 285 V 

5 650 


Power = 5 650 x 177 — 

Induction component 0- 436 of 
6 285 V 



2 740 

1 000 kW as presumed. 

In line — 




Kesistance loss IB. = 177 x 1*77 V 

315 

— 

Line loss of power = 315 

Beactance loss IS = 177 x 3*72 V 


660 

X 177 = 56 kW. 

Total . 

5 965 

3 400 

Power generated 5 965 




X 177 « 1 056 kW. 


Impedance drop = ^/(3152 4- 660^) = 730 V. 
Generator pressure — ^{5 965^ + 3 400^) = 6 860 V. 


I X E X P.F. or 177 x 6 860 x P.F. Therefore the P.F. of the 
whole circuit is 0’87, not 0*9, when the line is taken into account. 
The ratio between 6 860 and 7 015 V, viz. 0*97, gives the P.F. of 
the line alone. Assuming the power to be given by a single 
generator with an efficiency of 93 7 oj power required to drive 
it would be (1 056 / 0- 746) x (100 / 93) = 1 520 B.H.P. The 
output of the generator, however, would be expressed as 1 210 kVA, 
i.e, kW / P.F. or 1 056 / 0’87. It will be seen from § 313 that, 
if the pressure at the generating station is stepped up by means of 
transformers, both the P.F. of the line and the kVA output of 
the generator would be affected: the former being lowered, and 
the latter raised 

300 . Graphical Construction for Single-phase Lines ; 
Power Factor of Line. — ^In order to ascertain the conditions in 
the same line graphically the following construction (Fig. 52) may 
be followed ; it is not to scale, and in working out results by this 
method a very large .sheet of paper is required : — 

Fix on any arbitrary scale for representing volts and amperes respectively. 
Draw vector OE to represent the voltage at the receiving end of the line, viz. 
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6 285 V in the example considered. Next draw the vector 01 to represent the 
current in magnitude and direction , the angle <p between OE and 01 being that 
for which the power factor of the load is the natural cosine; in this case the angle 
is 25^ for P.F. 0*9. Por the present neglect the dotted construction. The drop 
of pressure, 315 V, due to the ohmic resistance of the line (i.e. 177 x 1*77) will be 
in phase with the current, and is represented by ER, drawn parallel to 01, to the 
same volt scale as OE, The inductive drop is at right angles to the ohmic drop, 
and this, calculated as above, is represented by RS drawn at right angles to ER 
to the same scale ; its value here is 177 x 3*72 or 660 V. Then ES gives the im- 
pedance drop, 177 X 4*12 or 730 V. Finally, OS gives the voltage at the sending 
end of the line, 6 860 V on the same scale. As the resultant or impedance drop 
ES is in this case {though not always) out of phase with the receiving voltage, it 
is not exactly equal to the difference (6 860 - 6 285), but it may safely be taken 
so in ordinary work. The dotted construction in this figure is explained lat§r 
(§ 305) in connection with capacity. 



Fig. 52. — Graphical construction for single-phase line. 


301. Three-phase Transmission by General Formula. — In 

order to faeilitate comparison between the several systema, the 
same problem as before (§§ 296, 297) is considered, but with 3- 
phase supply. It is assumed that 1 000 kW is to be delivered at 
the end of a 3 -phase, 3- wire line 8 000 yds. long, the delivery 
pressure being 6 285 V (virtual), and the loss in transmission being 
5 7o power delivered. 

Using the general formula in § 295, the area of each conductor in sq. ins. 
will be : (1 000 x 8 000 x 2*5) / 6 285 x 6 285 x 5 x P.F. = 0’ 101 / P.F. This 
gives the following values for the area and weight of the conductors with various 
power factors : — 



P.r. Unity. 

P.F. 0*9. 

P.F. 0*8. 

Area of each conductor, sq. in. 

0*101 

0-112 

0*126 

Weightjlbs. per yard = area x 11*56 

1*167 

1-29S 

1*465 

Total weight 24 000 yds. 

Percentage of total weight for con- 

28 000 

31000 

35 000 

tinuous current (§ 296) 

75 

QO 

W 

o 

947o 

115 

Current in each conductor, amperes 

92 

102 
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The current = Watts delivered / (V x JB x P.F.) = (1 000 x 1 000) / 
(6 285 X 1*73 X P.F.) = 92 / P.F. As the line loss is 5 7o» ^ will be put 

into it and the initial pressure will he (1 050 x 1 000) / (\/3 x current x P.F.), 
or about 6 600 Y in each case. For rough working this is all the information 
required, but in the next paragraph the matter is considered in greater detail on 
different lines, as in the case of single-phase transmission. 

It may be noted that, as pointed oufc in § 298, a larger area 
and weight of conductor would be required to subject the insula- 
tion only to the same maximum pressure as in the D.C. example; 
this would give the D.C. system an advantage, and the Thury 
series system utilises it (see § 317). 

‘ 302. Three-phase Transmission Lines; Inductance, Re- 
actance, and Impedance. — The pressm*e between any two con- 
ductors in the preceding example is 6 285 V at the receiving end, 
and the pressure between any one wire and the neutral point will 
therefore be 6 285 / ^3 or 3 630 V. We shall consider one of 
the three conductors in the first place. Each conductor will deliver 
one-third of the total power or 333*3 kW. 

Taking as example the case where the power factor is 0*9, the apparent energy 
delivered by each branch will be 333*3 / 0*9 = 370 kVA, and the current in the 
branch will be 370 x 1 000 / 3 630 = 102 A, as found by another method in the 
preceding paragraph. Now, as the loss of power is to be 5 7o delivered, 

the ‘ energy component’ of the drop in pressure in each branch, or I x i?, will 
also be 5 7© pressure to neutral; 5 % of 3 630 is 181 V. (The line current 
is in phase with this component of the total drop of pressure in the wire, so the 
loss of energy in each conductor will be J x = 102 x 181 or 18*5 kW, showing 
the actual energy loss in the three branches to be 18*5 x 3 = 55*5 kW.) Now 
the ohmic resistance of each branch must be (Volts lost) j Current = 131 / 102 = 
1*78 n for the 8 000 yds. of wire. (Note again that the loss in the branch is also 
equal to PR = 102^ x 1*78 or 18*5 kW as before.) We then have the resistance 
per yd. = 1*78 / 8 000 = 0* 000 222 n. Area of conductor = 0* 000 024 53 / 
0* 000 222 = 0* 111 sq. in. (about 3/0 S.W.G-.). Weight = 1*29 lb. per yd. = 
10 300 lbs. per branch or 30 900 lbs. for the line, i.e. 83 7© of the amount required 
for D.C. 

We may now ascertain the inductance and reactance of the line, with 12-in. 
spacing between wires as before, noting again that the actual spacing would be 
greater (§ 327). The diameter of the wire is 0* 376 in. or radius 0* 188 in. Self- 
induction 0* 080 5 -f 0* 741 log (12 / 0* 188) = 1*42 mH per ml. or 6'45 mH for 
8 000 yds. (§ 299). Then (D / 1 000)2 = (5.45 y 4 000)2 ^ q. qoo 041 6, so that— 

Reactance at 50 cycles = ^^(98 800 x 0* 000 041 6) = 2*02 n for each wire 

and Impedance = ^(1*782 + 2*022) = ^^7*16 = 2*69 a. 

Now, although there is actually but one current in the wire and one pressure 
between any two points, it makes matters clearer if, as in the case of single-phase, 
the pressure is resolved into two components at right angles, an energy component 
and a ‘ wattless ’ induction component. The power factor cos ^ being 0*9, the 
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‘ induction factor ’ sin (§ 157) -will be ^/(l - 0 * 92 ) or 0-436. The various volt- 
ages, etc., in one wire will be as shown in Table 43. 


Table 43 . — Voltage Components and Power in B-Phase 
Overhead Line. 



Voltage, between Phase 
Conductor and Neutral. 

Power. 


Energy 

Component. 

Induction 

Component. 

At delivery end — 

Energy component 0*9 of 
3 630 V 

3 268 

1 

Power delivered 3 268 x 102 

Induction component 0* 436 
of 3 630 V . 


1 

1583 

~ 333*3 kW per branch or 
1 000 kW altogether. 

In line — 

Besistance or energy loss 
IB = 102 X 1*78 V 

181 

i 

Power lost 181 x 102 = 18*5 

Keactance loss 102 x 2*02 V 



208 

kW per branch or 55*5 kW 
altogether. 

Total .... 

3 449 

1791 

Power generated = 3 449 x 




102 = 352 kW per branch 
or 1 056 kW altogether. 


Impedance drop = + 208®) = 276 V ; which also 

= (2-69 X 102) V. 

Generator pressure = i^(3 449® + 1 791®) = 3 885 V to neutral ; 
and 3 885 x ^^3 = 6 730 V between phase wires. 


The power required to drive a single generator to give the output required, 
assuming an efficiency of 93 ®/o, would here be (1 056 / 0*746) x (100 / 93) = 
1 530 B.H.P. The output of the generator would be specified as 1 200 kVA, i.e. 
1 066 kW / 0*83, the denominator being the P.F. shown in the next paragraph. 

303. Graphical Solution for 3-phase Lines ; Power Factor 
of Line. — Here, again, the effect of self-induction in the line is to 
alter the power factor, or the phase relation of current and pres- 
sure, as shown in the graphical solution in § 300. The total power 
at any point in a 3-phase line is I x E x ^3 x P.F. and is in 
this case 1 056 kW at the generator end of the line ; at this point, 
I = 102 A; and E ^ 6 730 V, therefore the P.F. is 0*88 at the 
generator end of the line, compared with 0*9 at the load end 
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Grapliically, taking Fig. 52 again, OE will be 3 630 V and the angle 01 will 
be unchanged, viz. 23-1° The vector EB will be 181 V and B8 will be 208 Y, as 
shown in Table 43; ES, the impedance drop, will be found to be 276 Y {vide 
Table 43), and OS will scale 3 885 Y. If the impedance drop 276 Y is added 
arithmetically to the initial pressure 3 630 Y, the result is 3 906 Y, not 3 885 Y as 
obtained by vectorial addition. The difference is due to the slight alteration of 
phase in the line itself, owing to its self-induction, and may be neglected. 

The graphical method of dealing with 3-phase problems illus- 
trated in Fig. 53 is due to B. Welbourn, and the method of draw- 
ing and using the diagram is as follows : — 

The equilateral triangle BHJ is drawn to scale, each side representing the 
pressure between phases at the loaded end. Then ABy AJS, AJ represent the 
pressure to neutral (= line pressure/ Draw AG, representing to scale the 

G 



Fig. 53. — G-raphical construction for three-phase line. 


full-load current, lagging behind AB by the angle </>. Draw dD at right angles to 
AB to represent the capacity current to the same scale as AC. Compound AC 
and AD to find the resultant current, AE, in the line. The resistance drop in 
one wire is in phase with the current AE, and is given by AE x B ; its value is 
represented, to the same scale of volts as before, by BF drawn parallel to AE. 
Next draw FG to the same scale and at right angles to BP, to represent the 
E.M.F. of self-induction or reactance drop in one wire. Join AG, which gives 
the pressure to neutral at the generating end ; this multiplied by fJB gives the 
pressure between phases at that point. The sides of the equilateral triangle 
GLK, completed from the centre A and vertex G, also give this. Cos <f)j is the 
power factor at the generating end, and the kW delivered to the line is given by 
the product (pressure QL x JB x. current EA x cos cpj). 

304. Capacity and Capacity Reactance. — Capacity, i.e. 
electrostatic capacity, has exactly the opposite effect to inductance, 
that is to say, it causes the current to lead on the impressed 
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E.M.F. instead of to lag behind it. Capacity in a circuit inaplies 
that the conductors or apparatus act like a condenser, which of 
course will not pass a continuous current. With an alternating 
impressed energy is stored up in the condenser in the form 

of electrostatic stress, as the E.M.F. rises, but when the wave of 
E.M.F. dies away this stored energy returns to the circuit, as a 
current leading 90° out of phase ; this is called the capacity current 
or charging current (§ 46). If both inductance and^ capacity are 
present they tend to neutralise one another. 

In the foregoing examples the existence of capacity has been 
ignored ; in short overhead lines its effect is usually of no practical 
importance, but in long lines and in all underground cables it must 
be taken into account. 

The deliberate introduction of variable capacity into transmis- 
sion systems, in order to balance the induction effect of motors, 
etc., and improve the P.F., is discussed fully in §§ 159-62. As 
there explained, artificial improvement of the P.F. of a transmission 
system is generally a sound financial proposition, since the cost of 
the necessary equipment is much less than that of the generat- 
ing and distributing plant otherwise rendered idle by wattless 
current. 

Of the three factors, resistance, reactance, and ' condensance ' 
or capacity reactance, all expressed in ohms, the two former may 
be considered in series in a line or cable, while the latter, due to 
capacity, is in parallel with the other two, as already stated in 
§ 46. It will be seen in the examples following that, although the 
charging current due to capacity is often important, the effect of 
capacity on the total impedance of an overhead line is negligible. 
Capacity is expressed in microfarads (yu-F) or millionths of the true 
unit, viz. the farad. 

305. Capacity and Charging Current of Overhead Lines, 
Single-phase. — The capacity of two overhead wires side by side, 
and relatively far from the ground, is [0*019 4 / log (D / r)] yu-F 
per ml., where D is the distance between the centres of the wires, 
in ins. ; and r is the radius of each wire, in ins. ; the dielectric is 
air, and the actual capacity varies somewhat according to atmos- 
pheric conditions. 

In the single-phase line of § 299, JD is 12 ins. and r is 0*265 in., so log [D / r) 
==: 1*66. Then capacity G = 0*019 4; / 1*66 or 0*011 7 juF per ml. run of line or 
0* 053 ywF for the whole length of 8 000 yds. 
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The capacity current or charging current = 27 r x frequency 
X E C J 10® or, at the standard frequency of 50 periods, /<. = 
0* 000 314 EO, where E is the pressure between wires at the 
generator end and G is in microfarads. 

In tlie example chosen, Jc = 0* 000 314 x 6 860 x 0* 053 = 0* 114 A for the 
whole line or 0* 025 A per ml. run. This means that in order to charge the line 
to full pressure, when no power is bemg used^ the generator must be giving 
(I X E) apparent watts or 6 860 x 0*114 = 785 apparent watts. In this particular 
instance capacity and its consequences may be neglected, but it is worked out to 
show the method. 

Where the charging current is of sufficient importance, as in 
cables, it has to be considered in connection with the main current ; 
the main current is lagging behind the impressed E. M. F. by an 
angle depending on the power factor, while the charging current 
is leading the E.M-F. by 90°. To obtain the magnitude and phase 
relation of the actual or resultant current, vectorial addition is the 
simplest method. 

This is shown in dotted lines in Fig. 52. There OS and OE are the pressures 
at the transmitting and receiving ends of the line respectively, and 01 is the 
lagging energy current. The charging current OIc is drawn to the same scale, 
leading, at right angles to OE. (Actually OS should be used, but OE and OS are 
always so nearly parallel in a scale drawing that no error will result.) Then by 
compounding OX and OIc the resultant current OJq is found. In the subsequent 
construction EB should then be parallel to 01^ instead of OX. The angle <^i will 
give the P.F. at the generating end. 

The capacity reactance or condensance is (1 / x C) 12, where G is expressed 
in farads. In this case, the capacity reactance = 1 / (27r x 60 x 0* 053 x 10 = 

1 / 0* 000 016 6 = 60 000 U. It may also be expressed as jE 7 / Ic ~ 6 860 / 0* 114 ; or 
as (Apparent watts) / (Charging ourrent)^, i,e. 785 / (0*114)2. The same result is 
obtained in each case. These relations in fact are merely an extension of Ohm’s 
law applied to alternating capacity currents. It is obvious that this apparent re- 
sistance, ivL parallel with the impedance as determined in § 299 {viz. 4*12 n), will 
not affect its value appreciably, 

306. Capacity and Charging Current of 3-phase Line. — In 

3-phase lines the Y-capacity of the line is the same as that of one 
wire to the neutral point, which is [0- 038 8 / log (D / r)] puF per ml. 

Thus, in the case already considered in § 302, D is 12 ins. and r is 0* 188 in. 
Log (12 / 0* 188) = 1*81, so the capacity is 0* 038 8 / 1*81 or 0* 021 4/tF per ml., i.e. 
0* 091 fxF for the whole 8 000 yds. 

The capacity current or charging current in each conductor at 50 cycles will 
now be [0* 000 314 x x capacity in E being the line pressure and 

(E / ^3) the volts to neutral at the generating end. Then I = 0 000 314 x 6 730 
X 0*097 = 0* 118 A, which again is negligible, representing only (0*118 x 3 885 x 
1*73) or 1 380 apparent watts from the generator. The graphical solution in 
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§ 300 would Ibe modifed in tlie manner explained in tke preceding paragraph, if it 
were necessary. The capacity reactance here is 1 /O' OOO 030 4 or 6 730 / 0* 118 or 
790/ (O'llS^ X 1*73) = 33 000 a, and here a gain it is in jparaZZeZ with the impedance 
of 2*69 (§ 302), and is of negligible effect. 

307. Constants of Hard-drawn Copper Wire. — The capacity 
of a line traries with the size of the wires, and the charging current 
with the frequency of the supply; tables will be found in many 
books giving the values for American wire gauges and 4*0, 60, or 
100 cycles. Table 44 gives the various constants of hard-drawn 
copper wire in S.W.G. and British standard units ; i.e. the fre- 
quency in cols. 11 et seq. is 50 cycles. 

Notes on Table 44. 

Golumms 1-4 require no explanation. 

Column, 5 is based on an ultimate strength of 25 tons per sq. in. except in the 
case of No. 10 wire (27 J tons). 

Column, 6 is dealt with in § 327, on the dip and stress of overhead wires. 

Cohimm 7 and 8 give the resistance per yd. and mile of wire respectively 
based on 2 % higher resistance than annealed copper (see Table 40, § 280). The 
increased resistance to A.O., due to skin effect, is negligible at 50 cycles with all 
these sizes (§ 38), being much less than the permissible variation of 2 %. All 
these columns are therefore applicable both to D.C. and A.C. transmission. 

Columns 9 et se^. relate to A..0. transmission only. Col. 9 gives the nominal 
spacing between centres of conductors (§ 827), which of course necessarily varies 
considerably in a completed line; this factor enters into the calculation of all 
the subsequent constants, and interpolation will, if necessary, give intermediate 
values. 

Column 10 gives the self-induction, JD, of a line at each spacing, in millihenries 
(mH), i.e. (Henries / 1 000), per ml. of wire. It is based on the formula already 
given in § 299, neglecting the (- r) in the last factor, viz., 

Ij = [0- 080 5 -1- 0- 741 log (JD / r)] mH per ml. 

Therefore in calculating out a single-phase line either the value of L must be 
multiplied by the total length of wire (lead and return), as in the example in 
§ 299, or by 2 to give the inductance of 1 ml. run of the whole line. In 3-phase 
calculations (vide example in § 302) a single wire is taken with respect to the 
neutral point, and the value of L in the table must he multiplied by the roy,te 
length of the line in miles. 

Column 11 gives the reactance, in ohms per ml. of wire, at 50 cycles, Le. 
2vn,L, or 31417, where L is in henries or (mH / 1 OOO) (see examples in § 299 
(single-phase) and § 302 (3-phase)). The value in cols. 10 and 11 differ so little 
that they are only given for alternate gauges ; interpolation between the two 
neighbouhng values for the same spacing will give the figures if necessary, but, as 
the impedance is given all through, these columns will not be required often. 

For any other frequency the figures must be multiplied by (Actual frequency / 
50). Thus for No. 3 S.W.G-. and 18-in. spacing, the reactance per ml. at 60 cycles 
will he 0* 628 n per ml. ; at 125 cycles 1-31 A. 

OoiwwTt gives the total impedance at 50 cycles in ohms per ml. of wire, 
i.e. ^^{resistance^ (coZ. 8) 4- reactance^ (col. 11)}. 

AOCk 
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Table 44, — Constants of Hard-drawn Copper Wire (50 Cycles in Cols. 10 to 16). 

FOR EXPLANATORY NOTES see p. 429. 
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*The oldB.O.T. Regulations required a factor of safety of 5, but a factor of safety of 4, under the worst conditions, is sufficient in practice, 
and may be adopted when the Regulations are not applicable. The permissible tension is then as given by the italicised figures in col. 6. The new 
.Regulations are referred to in § 324. 
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Thus for a single-phase line the figure must he multiplied by the length of 
wire in miles (lead -i- return), while for 3-phase the impedance of one wire is found 
from the table by multiplying by the route length. For other frequencies the 
value can be worked out from the formula by obtaining the reactance in the 
manner explained above. 

Columns 13 and 14 relate to single-phase transmission ; the former gives the 
capacity per ml. run of line, so when multiplied by the route length will give the 
capacity of the whole line. The formula and an example are given in § 305. 

Column 14 gives the charging current per ml. run of line, at 50 cycles and 
10 000 V between wires ; see example in § 305. For any other frequency or pressure 
the figures should be multiplied by (Frequency / 50) or (Pressure / 10 000) as the 
case may be. Thus the charging current of a line 110 mis. long, consisting of 
two No. 3 S.W.G. wires spaced 18 ins. apart, at 60 or 125 cycles respectively and 
6 600 V, will be 0* 028 2 x 110 x [60 (or 125) / 50] x (6 600 / 10 000) = 2-46 or 
5*13 A, as the case may be. 

Columns 15 and 16 refer to 3-phase lines. Col. 15 gives the capacity per ml. 
of 1 wire to the neutral point, which is also the Y-capacity of the whole line per 
ml. run. Col. 16 gives the charging circuit per ml. run of line at 50 cycles and 
10 000 V between wires, or 5 775 V to neutral. It is the charging current of a 
corresponding single-phase line x 2 / ^3. An example is given in § 306. For 
other frequencies and pressures multiply by (Frequency / 50) and by (Line 
pressure / 10 000) or (Pressure to neutral / 5 775). 

308. Constants of Hard-drawn Aluminium Wire. — If 

required, a table corresponding to Table 44, but for hard-drawn 
aluminium wires can be prepared by aid of the following notes : — 

Modifications Required to Adapt Table 44 for Aluminium. 

Colwnns 1-3 are applicable regardless of the material. 

Column 4. The figures in this column must be multiplied by 0* 305 to give 
the weight per ml. of aluminium wire, e.g. the weight of No. 1 S.W.G. wire is 
about 1 439 x 0* 305 = 439 lbs. per ml. 

Columns 5 and 5. The ultimate tensile strength and the permissible tension 
for aluminium wires are about 0*53 the values given for copper wires of the same 
gauge size (not of the same conductivity). 

Columm 7 and 8. The resistance values for hard- drawn aluminium are 
about 1*63 times those for copper wires of the same gauge size. 

Column 9. In any particular line the spacing between aluminium conductors 
is generally greater than it would be using copper wires ; this, however, does not 
affect the use of the table. 

Columns 10 and 11. The values given for copper apply also to aluminium (or 
any other non-magnetic material) for the same size and spacing. 

Column 12. The values for aluminium will be calculated from ^{resistances 
(new col. 8) + reactances (col. 11. Table 44)}. 

Columns 13-16. The values for copper apply also to aluminium for the same 
size and spacing of wires. 

For data concerning the mechanical constants of aluminium 
wire see § 331. 

309. Constant3 of Steel Wires.— Steel conduQtorgi offer 
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economic advantage in tlie case of short or medium-length lines 
carrying relatively small amounts of energy at relatively high 
voltage, so that the pressure drop and power loss in the line are 
not above the permissible limit. Steel conductors can also he used 
in short or medium-length lines in which the minimum size of con- 
ductor is fixed by considerations of corona loss, and not by the 
effective resistance of the line. On long spans across rivers, 
valleys, etc., it may be necessary to use steel to secure sufficient 
mechanical strength in the line (§ 331). The harder grades of 
steel have higher tensile strength and higher ohmic resistance than 
softer steel ; on the other hand, the magnetic permeability is also 
lower hence the skin effect (§ 38) and internal inductance are less 
than in the softer steel. The eflective resistance to A.C. is lower 
at 25 than at 50 cycles / sec. (§ 135) and is generally lower in soft 
than in hard steel at all currents up to 25 A in a | in. stranded 
conductor. The data in Table 45 are from tests made to the order 
of the Indiana Steel and Wire Co. {see also EL Wld., Vol. 80, p. 872.) 

310. Insulated Cables ; Inductance, Reactance, and Imped- 
ance. — The coefficient of self-induction, L, of insulated cables is 
found by the same formula as is given (§ 299) for overhead lines, 
viz, L == {0* 080 5 + 0* 741 log [{d - r) f r]}mH per ml., and the 
reactance and impedance are determined in the same way as be- 
fore. Here r is of the same order of magnitude as the distance 
between wires, d, and becomes important ; though the value of d 
increases with the pressm^e, owing to the greater thickness of di- 
electric required. For cables with conductors of 0*03 sq. in. (equi- 
valent roughly to No. 6 S.W.G. solid or 7 / 15 stranded) the 
impedance may be taken as equal to the resistance, and this holds 
good for all smaller sizes. For a cable of 0*25 sq. in. the ohmic 
resistance may be multiplied by the following factors to give the 
impedance at 50 cycles, viz,: 660 V cable, 1*18; 2200 V, 1*20; 
3 300 V, 1*21 ; 6 600 V, 1*23 ; 11 000 V, 1 *27. It is better to ob- 
tain actual figures from the manufacturers in all cases where the 
impedance must be taken into account. 

31 1. Paper-insulated Cables; Capacity and Charging 
Current. — In the case of overhead wires the dielectric was air ; 
in cables it may be bitumen, india-rubber, paper, etc. (§ 287), and 
the capacity varies directly as the specific capacity of the 
material used (see Table 7, p. 78). The capacity of concentric 
paper-insulated cables is about [0T-0*12 / log (D / d)] fiF per 
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ml., where D is the diameter over the insulation smTounding the 
inner conductor and d is the diameter of inner conductor. The 
charging current is found as for 2- wire aerial lines (§ 305). For 
3-phase, 3-core {shaped-conductor), paper-insulated cables, made 
in accordance with B.E.S.A. Report No. 7, 1922, for a mesh 
system {i.e. with equal insulation ‘ core-to-core ’ and ' core-to- 
lead '), the Henley Manual gives a table from which Table 46 
has been calculated. 

Table 46. — Electrostatic Capacity of 3-core Paper-insulated 
Lead-covered Cables with Shaped Conductors and Equal 
Insulation Gore-to-core and Gore-to-lead. 

Note. — C = Capacity per ml., one wire against others bunched and earthed 
= also, the wire to earth capacities for single-phase circuits. 

Cy = star or Y-capacity, i.e, the working capacity per ml. for S-phase 
circuits. 

For'^ cables with circular conductors, the capacities will be about 10 °/o less 
than shown below. 

For cables with less insulation core4o-lead than core-to-core, as used for star 
systems with earthed mutral, the capacities will be about 15 greater 
than shown below. 
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0-58 

0-70 

0-46 

0-66 

0-37 

0-46 
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0-67 

0-44 

0-53 

0-200 

37 / -083 

1-00 

1-21 

0-83 

1-00 

0-77 

0-93 

0-60 

0-72 

0-49 

0-60 

0-250 

37 1 -093 

1-05 

1-28 

0-90 

1-09 

0-83 

1-00 

0-65 

0-79 

0-53 

0-63 


The charging current is found from the formula already given 
for 3-phase aerial lines (§ 306). 

Thus for a 3-core cable, 10 mis. long, having conductors 0*1 sq. in. (about 
eqtuivalent to the No. 3/0 solid wire in §§ 302, 306) the charging current at 

435 
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G GOO V and 50 cydeK will he [0* 000 H14 k (G G(X)/ y O-fif; ^ tVl A. 

This is no longer negligible; ifc represenfcH G‘7 x iUUM) >■ 1'7M/ I IMM) ^lyHkVA 
from the generator solely to charge th<? line to full pri'MHuri*. 

Welbourn (Jour, LE.K,, VoL 53, p. 35j aHtlumii^s ilmt^ 

2 500 kVA of plant would be r<iquir(*d merely to ii *10 . mt. 

network of 30 000 V cable in a Hyntein o|wuiitiiig at 50 eyeles: 
taking into account alno tln^ cost of traunfonnerH, Hwiteh-geiir, i*te., 
it is doubtful wfu^thor liigher prcwun*H than 33 (KlO V are cmih. 
mercially justifiable in 3-core, oO-eycle eablea 

The question of charging currcntn is of particular iiiijKjrtiiiici* 
in ‘intershoath ’ cables (§ 280). 31ie capacity between iiiternhefitli 
and outer lead sheath is larg(‘r tlian in an onlinary ciilile, but t in* 
capacity currents on inner and outer mirfaccH of tin* iiiterHbi*iitli 
are in opposite directions, so that thcj net interslii^atb current is 
relatively srnall. The capacity curn‘nt in the outer nheaf h lapiiiln, 
however, the sum of the capacity curnnitH in all ilw interHheatliH 
and in the conductor itself. At 100 kV, 50 cycles, the cbiirgiiig 
current in the intersheath cable specified in | 2H0 is: fri l in con- 
ductor, 3*9 A; (h) in intersheath, 7*4 A; (c) in lead shenth. 11*3 
A per ml. Though only 0*05 in. in tlii<*kni!HN, the iiitersheiith 
will carry the charging current for more than 3 iiiIh. of cable 
when that current is fed from one (md, or ba* 0 ml. heeding frmii 
both ends. Only short lengths of iniershfuith calde are likely to 
be used in the near futung but there is no great difliciilfy in iir- 
rangingto feed in charging current at inb^rviils %ylien that 1«*ci'»iip*s 
necessary. 

312. Dielectric Loss in Cables.—In nil «*iiblcM there is liinnii 
leakage of current between cores and bf*tween cor«*s ami earlJi 
through the ohmic resistance of tlie insulation ; this re^istjirico is 
however so high, when the cabh-f is in good service imuiltmn, tiiiit 
the leakage current is extremely small and thf% Pii loss in tins in- 
sulation (as distinct from that in th<? eondtictor) is to 

heat the insulation appreciably. On the otJicr hamh if th« in- 
sulation be damp, the leakage currant and the hciitirig fuitwcd 
thereby increase to a dangerous extent. In I).0, Cf.iycs tin* Ifiiik- 
age current is the only loss in the diidectric, lint fiie efifirgiiig 
current has also to be considered where cables carry mlfyi^nifitiiig 
current. Every cable is in effect a eoiidetiscr iind, if it« power 
factor wuire zero, the charging current would lie quite * wiittIf*iiK/ 
Actually, energy is dissipated by dielectric liystifreHis (| mifl 
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i!* of the cable is, say, 2 or 3 % (lower sometimes *), so that 

* ^ is a small watt-component in the charging current, and this 

>oiient heats the dielectric. 

X he power absorbed by the dielectric of a cable increases with 
^qxiare of the applied voltage and, after decreasing as the 
‘'*'*^P<^ratm'e rises to 35° G. , it thereafter increases rapidly with 
^*H >erature ; for example, the dielectric loss in certain 13 200 V, 
cables at 60 cycles was about 0*75 kW / ml. at 50° C. ; 
-.5 at 70° C. ; and 6*25 kW at 100° C. The dielectric loss 

^ **^ociern 33 000 V, 3-core cables at 50 cycles, 60° 0. is about 
» kW per ml. 

33C3- Calculations for Three-Phase Line with Trans- 

^rtrx^rs. — Where extra high pressure is used on the transmission 
1 11 *^ 1 1> is generally stepped up at the generating station and down 
at the receiving end. About 3 % (more or less) is lost in 
1 transformation at full load, and in working out a system on 
lilies of § 302 this must be taken into account. If the trans- 
*ri »i action ratio is, say, 25 to 1 then, when the pressure is either 
or lowered, the inverse ratio must be applied to the current; 
*H oan be done subsequently, as it simplifies matters if the line 
lire is used in the calculations throughout. 

example, assume that 3 000 kW are to be delivered at the end of a 3-phase 
I fS mis. long, with a line loss of about 10 ®/o» power factor of tbe load 
i 0*85 and the pressure at the receiving end 1 000 Y between lines. Then 

transformer ratio of 25 to 1 the equivalent line pressure will be 25 000 Y 
tlie pressure to neutral will be 14 430 Y. The energy delivered by each 
will be 1 000 kW, and the current (1 000 x 1 000 / 0-85 x 14 430), or say 

1 Proceeding as in §§ 302, 306 the nearest size of wire will be No. 4 S.W.G., 
mmudla branch, may be assumed to have the following approximate oharacter- 
: Hosistanoe = 16*05 U; inductance = 26-62 mH; reactance = 9*66 U; 

0*264 fjiF, These data may either be worked out or taken from Table 
^ u xning suitable spacing. 

transformers at bouh ends are assumed to have the following character- 
: Efficiency, 97 7oJ copper loss, 1 7ol hysteresis, l-l reactance, 3^ 
»||»i«fciBing current, 4 7o* power factor of the load (cos is 0*85, the in- 

|r t sort factor (sin if>) will be 0*52. 

♦ 3Dow, P.F. is particularly important in high-voltage, high-power cables be- 

each 1 of the total kVA then represents a large amount of energy and 
r.r«fore appreciable heating of the dielectric, the break-down strength of which 
the temperature rises. It is now (1923) possible to make *^4 000 Y, 
rill'*#* cables with a P.F. not exceeding 1 % temperatures up to 55° or 60° 0. 
i *t of air-core telephone cables, in which paper is used only as a meohaniq^l 

'bo hold the wires apart, may be as low as 0*2 7q. 

437 


§314 ELECTRICAL ENGINEERING PRACTICE 

Table ^1.— Voltage Components, Current and Power in 
Z-Phase Overhead Line with Transformers. 



Yoltage. 

Current. 

Power. 


Energy. 

Induction. 


Y 

Y 

A 


Secondary circuit — 





Energy component 85 °/o of 
14 430 Y 

12 265 





Total power at end 




12 265 X 82 X 3 
= 3 017 kW. 

Induction component 52 °/o 


7 503 



of 14 430 Y . 

— 

— , 


Current 

— 

— 

82 


Steji-down transformers — 

144 




Resistance loss 1'^/^, of 14 43U Y 

— 


Loss 80 kW. 

Reactance loss % of 14 430 Y 

— 

505 

” 1 

Hysteresis loss °/o of 82 A . 

— 

— 

1*2 j 


Data at high-tension side of 




Power to transfor- 

transformer . . . ♦ 

12 409 

8 008 

83*2 




mers 3 097 kW. 

Line — 




Loss 334 kW. 

Resistance loss (16*05 x 83*2) Y 

1336 

— 

— 

Reactance loss (9*66 x 83*2) Y . 

— 

804 

' — 


^(13 7452 -f 8 8122 ) ^ 16 329 y 





at terminals of step-up trans- 




Power to line 3 431 

former 

13 745 

8 812 

83*2 




kW. 

Step-up transformers — 

163 




Resistance loss 1 of 16 329 Y 

— 

- \ 

Loss 94 kW. 

Reactance loss 3J °/o of 16 329 Y 

— 

572 

— J 

Hysteresis loss of 83*2 A . 

— 

— 

1*3 


J(13 9082 -p 3 9842) = 17 030 Y 
at generator terminals . • 

13 908 

I 9 384 

84-5 

Power, 3 525 kW. 


The working may now be set out as in Table 47, from which it will be seen 
that the pressure between lines at the generator terminals is 17 030 x ^3 or 
29 450 V and the current &'4-5 A ; if the ratio of the transformation is 25 to 1, then 
the actual values will be 1 180 Y and 2 110 A. The efficiency of transmission is 
(Power delivered / Power generated) =5 3 017 / 3 525 or 85^ The P.F. of the 
whole circuit will be (kW delivered / kYA generated) = 3 017 / 4 320 or 0*7. 

This method of calculation is applicable to any installation of 
transformers on an A.C. system. 

314. Star and Delta Connections of Generator. — Hitherto 
we have dealt with a 3-phase 3- wire line and the conditions in it, 
but largely by reference to the pressure from any phase wire to 
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the neutral point. Now, as any two wires act as the return for 
the third, at both ends of the line the phase wires must in some 
manner be interconnected. For instance, at the generating end 
there are the coils on the generator ; if the pressure is stepped up 
or down there are the coils on the transformers ; at the receiving 
end there may be the stator coils of a motor, or the phases may 
be used as separate single-phase circuits. Either the star or the 
delta arrangement may be used (§ 143). 

First consider the coils of a generator and the wires leading from them, in 
the example of 3-phase transmission with P.F. 0*88 at the generator end discussed 
in §§ 301-303. 

With star connection one end of each generator coil connects on to one wire 
of the line, so the current must obviously be the same in coil and wire, viz. 102 A. 
The other ends of the three coils are all joined together at the neutral point 
(which may or may not be ‘ earthed ’), so the pressure developed in each coil will 
be the pressure from line wire to neutral, viz. 3 885 V. The power generated in 
each coil is IE cos <p i.e. 102 x 3 885 x 0*88 = 352 kW, or 1 056 kW for the whole 
generator. 

With delta connection the ends of the generator (or transformer) coils are 
connected in delta (A) or triangle, and the neutral point may be considered as in 
the middle of the triangle ; the line wires take ofi from the junction points (as 
shown in Fig. 36, § 143). It will be seen that each line wire is being supplied with 
current by two generator coils, and the current in each coil will be (Line current 
/ /s/S) = 102 / 1*73 or 58*8 A. As each generator coil is connected directly between 
two line wires the pressure developed in it must be the full line pressure or 6 730 
Y. Here also the power generated in each coil is IE cos <^, i.e. 58-8 x 6 730 x 
0*88 = 352 kW or 1 056 kW for the whole generator. 

315. Extra High Voltage Transmission. — It will be seen 
from the general formula in § 295 that the sectional area of con- 
ductor required to transmit any stated amount of power for a 
given distance with specified loss varies inversely with the square 
of the voltage between lines. In other words the cost of the 
conductors themselves varies inversely with the square of the 
transmission voltage. This statement holds good in practice, at 
least up to the voltage at which corona (§ 316) requires the use of 
a larger conductor than would otherwise be needed. Alternatively, 
the amount of power which can be transmitted by conductors of 
stated size increases with the square of the voltage between lines. 
Thus, according to requirements, we can use smaller conductors or 
fewer circuits in the transmission system by working at higher 
voltages. The cost of towers and of wayleaves is reduced by re- 
ducing the number of ch'cuits but, on the other hand, higher 
voltages involve greater outlay upon insulators and more costly 
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towerSj if the spacing between conductors has to be increased. 
In practice it is generally found that the cost of transmission 
lines for pressures higher than, say, 66 000 V increases in direct 
proportion with the line voltage. As the carrying capacity in- 
creases with the square of the line voltage there is a wide margin 
in favour of higher voltages wherever the amount of power and 
the distance of transmission justify the higher cost of transformers 
and switchgear for the higher pressure. The relative merits of 
different voltages must be determined by comparing detailed 
estimates for the alternative schemes, and an allowance (varying 
with circumstances) must be made for the fact that the security 
of supply is reduced when working at higher voltage over fewer 
circuits. 

In Great Britain there is no water-power of any considerable magnitude, ex- 
cepting tidal power which is still of problematical utility. Energy developed in 
coal-burning or other thermal power stations cannot economically be transmitted 
more than, say, 50-100 mis. because this distance brings us either outside the 
industrial area or into an adjoining coalfield. It is therefore improbable that 
pressures exceeding 40-60 kV will be required for overhead transmission in 
Great Britain. On the Continent of Europe and most other parts of the world, ex- 
cepting the United States, 100 to 120 kV appears to be about the economic limit 
of voltage for overhead transmission, this pressure being sufficient to carry hydro- 
electric power economically to industrial areas capable of absorbing it. 

The United States, with enormous industrial demands at long distances from 
equally large water-power projects, is the home of ‘ super-transmission ’ schemes. 
At the time of writing, the Southern Californian Edison Co. is converting its two 
150 kV, 55 000 kW, 3-phase circuits from the Big Creek hydro-electric development 
to Los Angeles (240 mis.) for operation at 232 kV, thus increasing the power capacity 
of the lines. 

Tests by the General Electric Co. (Schenectady) in 1921 demonstrated that 
power could be transformed to 1 100 kV at 60 cycles / sec, and transmitted at this 
pressure, using tubular conductors of 4 ins. dia. to avoid corona (§ 316). The spark- 
over distance between points at 1 000 kV is about 105 ins. This investigation is 
mainly of interest as regards pressure testing and the determination of physical 
laws. It demonstrates, however, that power transmission at commercial fre- 
quencies is feasible at much higher pressures than yet used. Probably power 
could be transmitted 1 000 mis. with equipment representing a mere extension 
of present-day practice, but the cost of tubular conductors and of the insulators 
required would be abnormally high, and it is, at present, generally possible to sell 
within a radius of 200 or 300 mis. all the hydro-electric power which can econ- 
omically be developed. Save for this general consideration, however, there is 
nothing to indicate that existing transmission pressures and distances will not be 
greatly exceeded (§§ 318, 319). 

316. Corona Discharge. — The term ‘ corona ’ is generally 
applied to the discharge which takes place from a charged body 
in air when the electrostatic stress is sufficient to ionise the 
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lasers o£ air in contact with the body, thus rendering them 
electrically conducting. At higher values of the electrostatic 
stress there occurs a brush discharge or, if the stress he high 
enough, flash-over to an adjacent body. Corona discharge occurs 
from overhead transmission conductors at high pressures (rarely 
below 100 kV* between phases with usual sizes and spacings of 
conductors), and it is also liable to occur frona the sharp edges 
of charged metal in oil-immersed apparatus, and in air films in 
or between layers of solid dielectric. In the latter case, as in 
cables, it quickly deteriorates the insulating material by its 
heating and chemical effects and so leads to break-down. 

In high-voltage cables and coil insulation air films must be 
eliminated at all costs (§ ’79). In switchgear, transformers, 
mercury rectifiers, and other apparatus where corona might give 
trouble, the discharge may be eliminated by the use of well- 
rounded parts (so as to reduce the electrostatic stress, § 288) or 
the possible source of corona may be separated from the danger 
space {e,g. a space filled with air and oil vapour) by an earthed 
metallic screen. The factors determining the occurrence of corona 
on overhead transmission lines are shown in the formula below ; 
increasing the distance between conductors is a costly and 
relatively ineffective method of reducing the loss ; in any 
particular case the voltage and frequency are fixed, and atmos- 
pheric conditions are beyond control ; the only remaining method 
of reducing the loss is to increase the diameter of the conductor, 
e.g. by the use of steel-cored copper cable or aluminium (§ 331). 
Corona leads to corrosion of conductors by causing the formation 
of nitrous acid, and the power dissipated by the discharge may 
be a serious factor. 

The following data are due to F. W. Peek:* The disrit^tive critical voltage 
of air (at which voltage corona actually comraences in practice, due to dirt and 
irregularities on the surface of the conductor) is given by — 

e = gMrS loge 

whore e = disruptive critical voltage, in kY (R.]\C.S.) to neutral ; 
g = disruptive pressure gradient of air; 

= 21*1 kV (R.M.S.) per cm. for all conductors and commercial fre- 
quencies at 25® 0. and 76 cms. barometric height ; 
ilf = 1*0 for polished wires ; 0*98-0'93 for rough, or weathered wires ; 
0-87-0*83 for 7-strand conductors ; 


• * Trans. 4mr. LE.E., Vol. 30, p. 1889 ; Vol. 31, p. 1051 ; YoL 32, p. 1767, 
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r = radius of conductor, in cms. ; 

5 = an air density factor == 3*92 h / (273 + t), where h = barometric 
height in cms. ; t - temperature in °C. ; 

S = distance between centres of conductors, in cms. ; 
log = 2*303 logio* 

The ^ower loss by corona is given by — 

where P = power loss, in kW per km. per coniuctor ; 

/ := cycles per sec. ; 

E = B.M.S. pressure between line and neutral, in kV ; and the other 
symbols have the same meanings as before. 

{Note , — 1 in. = 2*54 cms. ; 1 ml. = 1*61 km.) 

Within the range of the tests (47-120 cycles) the power loss by corona varies 
directly with the frequency. At zero frequency (D.C.) the loss is from the 
loss at 60 cycles for the same maximum voltage. 

The above formulae relate to fair weather conditions. To determine the 
power loss in foul weather, take e = 80 °/o of the fair weather value. The 
operating voltage should not exceed e or the corona loss will be very high during 
fog, rain, or snow, or when the conductor surface is rough. 

317. Thury Constant-current System.— This system of 
direct-current transmission employs the same general principles 
as are applied in constant-current series-arc circuits (Chapters 
19, 25), but much higher pressure and power are now involved. 
A number of series-wound generators (§ 138) are connected in 
series to supply a number of loads also in series, the loads being 
generally motors driving auxiliary generators in substations, and 
the voltage of the main generators being varied to maintain the 
current constant. This system is used fairly extensively on the 
Continent, where constant currents from 50 up to 450 A are used 
in various installations with maximum circuit pressures up to 
100 kV. The Moutiers-Lyons scheme is the most important yet 
erected.* In England, the Metropolitan Electric Supply Co. has 
a Thury transmission designed for 10 000 kW and a maximum 
pressure of 100-120 kV, using single-conductor, lead-sheathed 
cables with core section 0T25 sq. in. and \ in. of paper in- 
sulation. This transmission will ultimately serve an area of 
300 sq. mis. or so in Western London, and represents the most 


* Much information concerning this, as well as a detailed treatment of the 
principles, advantages, and disadvantages of the Thury system, is to be found in 
General Electric Beview, Vol. 18, p. 1026 et seq_. ; other papers which may be 
consulted are : Jour. Vol. 38, p. 407 ; Vol. 39, p. 848 ; Vol. 51, pp. 443, 
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economical solution to the problem of supplying an undeveloped 
but rapidly growing district in which overhead transmission is 
not considered permissible, whilst underground A.C. transmission 
would be impracticable. 

Though the P.D. between points in the windings of a generator 
or motor in a Thury circuit may be limited to, say, 3 000 or 
5 000 V, the line pressure at this point may be 100 000 V above 
earth pressure ; hence it is necessary to carry the bedplate of 
the machine on insulators and to place the cement foundation 
block on insulators and surround it by a filling of asphalt and 
bitumen. Insulating couplings are necessary between generator 
and prime mover ; and commutators for high pressures are costly 
and need much attention. Advantages and disadvantages may 
be thus summarised : — 

Advantages . — Economy in distribution due to use of high pressures (§ 315). 
Possibility of using higher pressure than with A.O. for given insulation strain 
(§ 298). Inductance, capacity, phase displacement, and voltage surge problems 
are eliminated, and dielectric loss in cables reduced practically to zero. The only 
loss of importance is that due to ohmic resistance of the line ; the percentage value 
of this loss is not serious when the constant current for the power available is so 
chosen that the circuit is normally worked near the limit of practicable voltage. 
(At present the limiting voltage for D.G. cables is about 150 kV to earth or 300 
kV between extreme conductors.) On the other hand, since the current is con- 
stant, ohmic losses in the line are also constant, so that the efficiency of a Thury 
transmission on light loads is low. The aim must be low current and high 
voltage, i.e. minimum ohmic loss and maximum useful load to reduce the per- 
centage importance of the loss. 

The earth can be used as return path in a Thury circuit, or it can be 
‘ tapped ’ to replace the function of a broken-down section of a metallic circuit. 
The ohmic loss in the earth path is small, but there is a certain liability to electro- 
lytic trouble near the earth plates. Instead of being used as an active conductor, 
the earth may be used as neutral to limit the voltage, line to earth, to half the 
total pressure. One or more generators can be connected in series with a Thury 
circuit at any convenient point, say where there is a waterfall which might be 
so small as not to justify development on any other system (§ 144). One of the 
most important advantages of the Thury system is that it provides a flexible and 
efficient means of interconnecting heterogeneous generating systems (§ 186). By 
using motor generators consisting of constant-current series motors and A.O. or 
D.G. generators as may be req[uired, any number of A.G. or D.G. networks can be 
interconnected, energy being transferred from one to another through the Thury 
circuit and motor generators ; this arrangement has been proposed as a possible 
solution to the problem of co-ordinating electricity supply in London. 

No transformation of pressure is required in a Thury circuit, and no general 
switchboards are required. The switches used are very simple, machines being 
short-circuited when idle, and tapped into the circuit when working. The series 
circuit is never opened, and in place of automatic circuit-breakers there are relays 
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sliiftiiig the brushes to zero in case of generator break-down or accidental open- 
circuit. There is nothing in a Thury station corresponding to the synchronising 
of A.O. generators, and the load is shared automatically by all the series generators 
even with 10 difierence in the speed of the sets. 

Disadvantages . — The constant current of the circuit cannot be subdivided, 
and rotary machines are required to yield A.C. or D.C. for distribution purposes. 
The insulation of the generator and motor frames is a serious problem. A 500 
H.P. motor in a 200 A, D.C. circuit would have to be insulated in its windings for 
about 3 000 V (to allow for 50 °/o overload) ; the frame, however, would have to 
be insulated from earth for the full dine voltage, which might be 100 000 V. 
High-power, high-voltage machines ofier difficulties in the way of commutation ; 
about 5 000 V per commutator is the upper limit at present, so that twenty com- 
mutators are required for 100 000 Y line pressure. Speed-governors or brush- 
shifting gear or both are required on constant-current generators to provide for 
voltage regulation. 

Though the commutators, generators, and motor governors 
and frame insulation are costly items in a Thury system, the cost 
of transmission conductors is less than for A.C. systems (§ 334), 
particularly where cables are concerned, and to an even greater 
degree where the earth is used as one conductor. It is not con- 
sidered likely that the Thury system will ever compete with 
long-distance, overhead 3-phase transmission as at present de- 
veloped, but the constant-current D.C. system is undoubtedly the 
best where transmission must be effected over considerable distance 
by underground cable; also it has very valuable application in 
linking together power schemes which have or have not the same 
voltage, frequency, etc. 

318. Quarter-wave and Half-wave Transmission Lines. — 

A ‘ quarter- wave ’ transmission line is one of such length that 
the time taken for an alternating current to flow from one end 
to the other equals one-quarter period of the A.C. concerned; 
similarly, a ‘ half-wave ' line is of such length that the time occu- 
pied equals one-half period of the current. If the velocity of flow 
he equal to the velocity of light (say, 186 000 mis. per sec.), and 
if A.O. at 50 cycles per sec. be used, the length of a quarter- wave 
line is about 186 000 / (j x -^) = 930 mis. ; and that of a half- 
wave line is about 1 860 mis. In terms of the inductance and 
capacity of the line the length of the quarter-wave line is 
1 ! {^fs/LG) mis., and of the half-wave line 1 J {2f^LG) mis., 
where f = cycles per sec., and LG = inductance and capacity 
per ml. If the product LC he increased (e.g, by the addition 
of reactance coils to the circuit and the use of underground 
cables) the route length of a quarter- (or half-) wave line may be 
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reduced to a few hundred miles. Lines of these electrical lengths 
have distinctive properties of considerable value from the point 
of view of power transmission ; and it has been suggested that 
such lines could be used to advantage for the transmission of 
power over relatively short distances the line being then ' loaded ^ 
as above, or over very long distances, only the natural induct- 
ance and capacity of overhead lines being then in circuit. The 
following notes indicate the possibilities and limitations of the 
two systems * (see also §§ 135 (1) and (4); 158) : — 

The method at present standard for the transmission of A.C. power consists 
in the delivery of a variable current (according to the load) at constant voltage. 
In order to maintain constant voltage at the load, the voltage at the input end of 
the line must be increased as the load increases, so as to compensate for the 
higher pressure drop in the line. Where a large amount of power has to be 
transmitted for long distances a wide range of voltage regulation is required at 
the supply end, and the power loss in the line is a serious consideration. 

The Quarter-wave System. — A quarter-wave line is in resonance (§ 47) on 
open circuit and the characteristics of the circuit are such that, neglecting re- 
sistance, constant current input is required for the maintenance of constant 
voltage at the delivery end. In practice it would be necessary to increase the 
current input somewhat to compensate for the higher ohmic loss at higher loads 
but, fundamentally, the system is one of constant current input and its applica- 
tion would require the use of constant-current alternators (which are not standard 
machines). As the pressure along the line varies with the load delivered, it is 
impracticable to tap energy from a quarter-wave line at any intermediate point ; 
the system is only applicable to ‘ through ’ transmission of energy from point to 
point. The route length of a quarter-wave line, with only the inductance and 
capacity of air lines in circuits, is about 750-900 mis. using 50-cycle current, and 
1 500-1 800 mis. using 25-oycle current. 

The Half-wave System. — A half-wave line may be regarded as two quarter- 
wave lines placed end to end. With constant voltage supply at the input end 
there is, neglecting resistance, constant voltage at the delivery end and constant 
current at the centre of the line. Maximum voltage in the line is at points about 
one-quarter the total length of the line from each end and is there equal to the 
station voltage which would be required in an ordinary A.O. system for trans- 
mission over this quarter distance. In other words, the half-wave system makes 
possible transmission over four times the length of an ordinary transmission line 
with the same maximum voltage in the circuit. 

As the voltage at intermediate points varies with the load the half-wave 
system is limited to * through ’ transmission from end to end, except that supply 
can also be taken at or near the centre from the constant-current portion of the 


* For a detailed investigation of the characteristics of long transmission lines, 
see Theory and Calculation of Transient Electric Phenomena and Oscillations 
0. P. Steinmetz (McGraw, Hill Oo.). The notes here given are from papers on 
the basic equations of quarter-wave and half-wave lines, with numerical examples, 
abstracted from Ptev. Q&n. d*^lectriciU in El. Uev.y Vol. 87, pp, 250 et seq. 
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line. Witli only the inductance and capacity of overhead lines, the route length 
of a half-wave line is about 1 500-1 800 mis., using 50-cycle current (3 000- 
3 600 mis. for 25 cycles), but the route length could easily be reduced to 300 mla. 
by the use of reactance coils of reasonable dimensions in the case of lines for 
10 000 kW or so. For higher power, up to, say, 50 000 kW, extra capacity is also 
req^uired in the circuit ; this could be provided by using condensers and / or some 
underground cable, but it would generally be sufficient merely to subdivide the 
line conductors. 

The half-wave system could be used with standard (constant-voltage) 
alternators. Its advantages, compared with a plain transmission, are : (1) Elimi- 
nation of the effects of inductance and capacity on the voltage regulation required 
at the supply station ; the station voltage is higher than the delivered voltage 
only by the amount of the ohmic (IB) drop. (2) Longer distance transmission 
feasible with the same maximum line voltage. (3) Lighter conductors and better 
voltage regulation for given variations in load kW and P.F. Its disadvantage is 
that energy cannot be tapped intermediately except at the centre point and there 
only by special constant-current equipment. 

319 . Six-Phase Underground Transmission at ioo-i 5 okV. 

— The system proposed by A. M. Taylor (Jour, I.E.E., Vol. 61, 
p. 220) employs single-core cables with intersheaths (§ 288) which 
are utilised for power transmission as well as to relieve the pressure 
gradient on the insulation near the main core. Two star-connected 
transformer-secondaries are arranged so as to yield a 6-phase 
supply, the terminals of which (in sequence) are connected to the 
central, intermediate, and outer cores of one cable A, and to the 
corresponding cores of a second cable B. The intermediate point 
of the 6 -phase system, between the points connected to the outer 
cores, being earthed, and the system being operated at 60 000 V, 
the P.D. between the central and intermediate cores (and between 
the intermediate and outer cores) is 30 000 V, whilst that between 
the outer core and the lead sheathing is 17 800 V. 

When the load increased a similar 6-phase system with two cables could be 
added, the connections being such that the diametral voltages of the two 6-phase 
systems would combine, making possible the superimposing of single-phase 
transmission at 123 000 V on the two pairs of cables. Finally, a third 6-phase 
system could be added (again with its own pair of cables) in such vector relation- 
ship that there could be transmitted 6-phase current in each pair of cables, and 
B-phase current at 100 000 Y (or even 150 000 V) through the three lines, each of 
which consists of one pair of cables. The use of intersheaths reduces the current 
flowing through the inner layers of dielectric, where the volume of material is 
least and the heating consequently greatest, and whence the escape of heat is 
most difficult. By feeding capacity current to the intersheaths at sub-stations along 
the route, the transmission of such current through the central cores may be 
eliminated ; also, the capacity current may be made to neutralise the reactance 
drop due to loads at lagging power factor (§ 169) ; the A.C. transmission is then 
as efficient as D.O. transmission, in that it is subject only to ohmic pressure drop, 
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The increased eddy currents in the lead sheathing of single-core, compared with 
3-core, cables are claimed not to be serious provided that the cable centres be not 
more than 6 or 7 ins. apart ; in armoured cables the eddy current loss is a more 
serious consideration. A supplementary explanation of this system is given in EL 
Bev., Vol. 92, p. 648. 

320. Interconnection of Transmission Systems. — For the 

reasons outlined in § 186 it is becoming increasingly common 
to interconnect A.C. transmission systems so that power can be 
transferred from one to another at will.* The voltage and power 
factor conditions in the interconnecting line are both important ; 
their relation is discussed fully in a paper by L. Romero and 
J. B. Palmer (Joicr. I.E.E., Vol. 60, p. 287), from which the 
following points are extracted : — 

To obtain any desired division of load between two interconnected A.C. power 
stations it is necessary to adjust the steam (or water or gas, etc.) supply to the 
prime movers. Mere adjustment of generator fields, or the raising by other 
means of the voltage at the ‘sending’ end of the interconnector, only causes 
wattless kVA to flow through the circuit, the kW remaining constant except for the 
additional copper loss in the interconnector (§155). Adjustment of voltage, in 
addition to prime mover control, is sometimes necessary. 

When current flows through a circuit having resistance and reactance (such as 
the interconnector, with or without transformers) there is an impedance drop 
[IZ) which causes the voltage at the two ends of the circuit to differ in magnitude 
or phase or both. 

If the station voltages are constant and equals the mean P.F. of transmis- 
sion remains at a constant leading value, and the power factors at the station 
ends of the interconnector vary (slightly) in opposite directions as the load varies 
or reverses. Power up to the capacity of the line may be transmitted in either 
direction without varying the voltage or mean P.P. This method might be used 
to connect two stations each with a load at or near unity P.P., but most stations 
are unable to take a bulk supply at leading or unity P.F. without serious dis- 
turbance to their operating conditions. 

If the station voltages are constant and unequal^ the P.F. of the transmission 
varies from lag towards lead as the load increases. This method is suitable only 
for transmitting power in one direction because a reversal of power would flow at 
a low leading P.F. 

If the station voltages are varied with load, by induction regulators boost- 
ing transformers (Chapter 17) or other means, the P.F. may be kept constant at 
any desired value within the available range of voltage variation. This method 
is necessary in most cases. The use of a boosting device makes possible control 
of the transmission P.F. without varying the bus bar voltage. Formulae for 
determining the P.F. of the line current with given load and voltage boost, or the 
boost req^uired to transmit a stated load at given P.F., are to be found in the 
paper (loc. cit.). 

*In the great interconnected transmission networks of the United States, 
some of the power is transmitted 500 or 600 mis. when there is a local shortage 
of coal or water. 
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321. Synchronising Effect of Parallel Transmission Lines. 

— If two alternators be connected each to one of a pair of trans- 
mission lines, which are electrically independent but physically 
parallel to each other on the same poles or towers, the two circuits 
have a synchronising effect which tends to hold the generators in 
synchronism or in anti-phase, according to the arrangement of the 
line conductors.* In order that the paralleling of apparatus in a 
sub-station may be helped (instead of being hindered) by the 
synchronising effect of the transmission lines, the conductors of 
one line should be placed in phase sequence 1 — 2 — 3 down one 
side of the tower, those of the other line being in sequence 3 — 2 — 1. 
That is to say, similar phases in the two lines should be diametri- 
cally opposite to each other and not in the same relative positions 
on each side of the tower. This diametrical relation must, of 
course, be retained at each transposition of the wires. 

322. Wayleaves. — Before any overhead transmission line can 
be erected it is necessary (in Great Britain) to obtain permission 
{a) from the Ministry of Transport ; (6) from the owner of the 
ground traversed. Fortunately, it is now much easier than in the 
past to obtain the requisite official and private consent. The 
abolition of the absolute power of veto formerly possessed by 
local authorities is an important reform. 

Under the provisions of the G-eneral and Special Acts or Orders relating to 
the supply of electricity, the consent of the Minister of Transport is necessary 
before Authorised Undertakers may place any electric line above ground, except 
within premises in the sole occupation or control of the Undertakers, and except 
so much of any service line as is necessarily so placed for the purpose of supply. 
In cases where the Local Authority are not themselves the Undertakers, the 
further consent of such authority was formerly necessary under the provisions of 
§ 14 of the Electric Lighting Act, 1882, and § 10 of the Schedule to the Electric 
Lighting (Clauses) Act, 1899, or corresponding provision in any Special Act or 
Order. The position, however, has been modified by § 21 of the Electricity 
(Supply) Act, 1919, and where the consent of the Minister is obtained to tbe 
placing of any electric line above ground in any case, the consent of the Local 
Authority is not required ; but the Minister before giving consent is required to 
afford the Local Authority an opportunity of being heard. It also falls to the 
Minister of Transport to give consents in connection with wayleaves for electric 
lines whether above or below ground under the provisions of § 22 of the Act of 
1919. 

As previously indicated, overhead lines, whether erected by Authorised 
Undertakers or without statutory authority, are subject to Eegulations prescribed 


* This phenomenon and the reason for it are discussed in Gen. El. B&o. 
Vol. 25, p. 146, and Electricity, Yol. 36, p. 688. ^ 
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by the Electricity Commissioners for securing the safety of the public and for the 
protection of the lines and works of the Postmaster-General (§ 324). 

323- Steel, Wooden, and Concrete Poles. — Steel Poles . — 
For transmission lines, built-up steel lattice poles are the most 
satisfactory on all counts. For comparatively unimportant or light 
lines, however, tubular tramway poles are often used, and serve 
their purpose. These latter are generally used in towns, where 
lattice poles would take up too much room. Tubular ‘ Hamilton ’ 
telegraph poles have also been extensively used, but in the gauges 
of metal generally employed for telegraph purposes they are not 
satisfactory ; a much higher factor of safety is required in power 
lines than will suflfice for telegraphs. 

On one iiaportaunb point engineers and buyers can ensure their steel poles 
having the longest possible life, namely, by excluding high-tensile steel, of which 
poles are sometimes made. Most chemists will agree that high-tensile steels 
tend to corrode more quicMy than either wrought-iron. or mild steel ; and this is 
probably due to the higher percentage of manganese and carbon present in high- 
tensile steel. Mild steel with a tensile strength not exceeding 24-28 tons per 
sg. in. will give the best results in the direction of the minimum tendency to 
corrode. Engineers would do well to .specify the steel of which their poles are 
made to fall within this figure (E. J. Fox, Jour. Vol. 52, p. 320). 

Woodenfh Poles, used ou several imporfcaut transmission schemes 
in India, have proved uniformly unsatisfactory ; possibly with 
proper treatment better results would have been obtained, at any 
rate at high altitudes, where there . are no white ants. In this 
country they are used to a considerable extent A compound 
pole of A-form, built up from two single poles and spread about 
1 in 8, is roughly 4^- times as strong as a single pole. Where 
more room is required the H-form is used, with cross-bracing to 
give stability. At angles, H-poles or three-legged structures 
should always be used with stays (§ 326) in both alignments 
rather than a single stay in the resultant. Concrete foundations 
may be necessary in bad ground, and if a concrete sheathing he 
carried up the pole above ground level, rotting at the latter is 
prevented. 

Notes on preservative processes for timber are given in § 86. 
Statistics from a variety of sources show that creosoting under 
pressure gives the longest life to timber, viiz. 20-25 years for 
poles in temperate climates. The life of poles treated with copper 
sulphate, zinc chloride, or mercury chloride is given as 12-15 
years. The life of wooden poles as hitherto used in India has 
VOL. I. 449 29 
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been 5 or 6 years. Untreated poles last 10 or 12 years in England, 
and by proper creosoting a life of 30 years or more, up to 50 years, 
is attainable. 

Concrete PoZas.— Eeinforced concrete poles have been used in 
a number of cases (particularly in America), as being stronger and 
more durable than wood, whilst eliminating the constant super- 
vision and repainting required by steel. Concrete poles are heavy, 
which is a serious matter where transport is difficult ; their use 
is principally in low- and medium-pressure distribution schemes. 
In some cases a portable pole-making plant and local aggregates 
may be used with advantage. Tubular construction saves weight 
with little loss of strength, and provides a convenient duct for 
cables. A 25-ft. pole tapering from 16 ins. to 7 ins. with 2|-in. 
walls and twelve :J-in. steel reinforcing rods, weighs about 2 500 
lbs., and if set 6 ft. in the ground will withstand safely a pull of 
1 000 lbs. applied at the top. 

324. Poles and Wires; Requirements of Rules. — The first 
requirement of an overhead line is that it shall be set out properly 
before erection begins. The position of every pole should be de- 
termined ; it should be ascertained that the wires in a span will not 
come too near the ground, especially in the case of tortuous distri- 
bution lines in hilly country; the angles should be noted; the 
nature of the ground where poles and stays must go should be in- 
vestigated ; the height and strength of special poles should be taken 
out. 

In previous editions of this work the Board of Trade Begulations for overhead 
lines were referred to. The Board has now made way for the Electricity Com- 
missioners and the Regulations are under revision. In theory the Regulations 
prescribed by the Gounnissioners, under the power conferred by the existing 
‘Regulations for securing the safety of the public,’ are specially made for each 
undertaking, and become a part of the Special Order ; in fact the new Regulations, 
like the old ones, will doubtless be practically standard in form. Although the 
code is not (at the time of going to press) in force the following summary may be 
taken as substantially correct both for pressures (a) not exceeding 650 V, D.G., and 
325 V, A.C., and (6) exceeding those values. 

Line conductors will be of copper or aluminium ordinarily, though steel or 
other conductors for specially long spans would no doubt be allowed. As regards 
breaking load, elongation, and elasticity the conductors at the time of erection will 
have to comply with the latest specification of the British Engineering Standards 
Association. Minimum values are as follows (see opposite page). 

In calculating the factor of safety the actual breaking load is taken. It is 
assumed that the wires are covered with ice to a radial thickness of J in. (for the 
higher pressures J in.) and are simultaneously subjected to a wind of 50 m.p.h 
or 8 lbs. per sq. ft. of the projected area. Under these conditions and allowing for 
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Johnson & PhilUj^s, Ltd. 


Medium-Voltage and High-Volt- 
age Overhead Power Lines. 

CuiTent is supplied through. 
3 300 V overhead feeders and de- 
livered, through pole-type trans- 
formers, to the 430 V overhead 
distributors. The copper conduc- 
tors, ranging from 37 / 13 to 7 / 14 
S.W.G. are carried by cantilever 
channel cross-arms, and are all 
single-circuit lines with a 7 / 14 
S.W.G. earth wire below. The 
triangular spacing of the conductors 
is 2 ft. 6 ins. The creosoted wooden 
23oles are A, H and single-tjrpe, 34 
ft. long overall, from 7 in. to in. 
diameter at 5 ft. from the butt, and 
at average spans of 50 yds. 


A double -circuit, 3-phase, 11 000 
V line running from a terminal iDole 
to which current is conveyed by two 
11 000 V underground cables; the 
cable cores are connected to the 
lines in the inverted pole-type tri- 
furcating boxes. The conductors 
are of 1 S.W.G. copper s^iaced 
4 ft. 4 ins. liorizontally on the tojD 
and bottom cross arms and 5 ft. 
4 ins. on the centre arm ; below 
them is a 7 / 14 S.W.G. galvanised 
steel ear til wire. The vertical spacing 
between conductors is 1 ft. 6 ins. 
The poles are 36 ft. long, 04 ins. dia. 
(at 5 ft. from butt) ; the span is 
SO yds. and the minimum clearance 
from ground at maximum summer 
sag is 20 ft. 


Johnson d I^hillqiSj Ltd, 
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A 33 OOO V TEA>'si\rissiON Lms on ' Kay ’ Poles. 

This typa of pole is particularly suitable for cross-country transmission. It is 
preferably made of high-tensile steel tubes which may be painted or, better, wrapped 
with hessian impregnated with a bitumen compound. The foundations consist of 
buckled plates to which the tubes are bolted, and the connection between the four 
base tubes and the upright is made by a cast-iron block with five projections which 
slip into the appropriate tubes and require no bolt or other fastening. The ties are 
of galvanised steel rope. The foundation plate carries only the difference between the 
thrust of the tube and the pull of the wire, hence these poles can be used on marshy 
ground- They are easily transported and easily erected, and passage between the 
legs is not obstructed by bracing. 
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Material. 

Elougation in 

Breaking Load 

Young’s Modulus of Elasticity. 

10 ins. 

Tons per Sq. In. 

Lbs. per Sq. In. 

Copper . 

1 

27 

18 X 10® 

Aluminium 

4 

11 

10 X 10® 


the elasticity, the stress in the conductor at 22® F. (5*5° G.) must not exceed half 
the breaking load. 

For the lower group of pressures no conductor may be used having a break- 
ing load less than 650 lbs., equivalent to a copper wire weighing 200 lbs. per mile or 
an aluminium wire weighing 147 lbs. per mile. 

The minimum computed height from the ground of any line conductor, at a 
temperature of 122° F. (50° C.), is fixed at 20 ft. as in the old rules. The con- 
ductors must not be accessible without a ladder or the like. In the case of the 
higher pressures, approved means for rendering a falling wire dead must be pro- 
vided; and at all pressures above 250 Y, D.C. or 125 Y, A.C. approved means 
must be provided to prevent ‘danger’ from a falling wire. The conditions are 
somewhat more stringent along or across public roads or canals, or upon factory 
or other premises. Any auxiliary and earth wires or service lines are generally sub- 
ject to similar restrictions. Lines crossing or near other overhead lines must be 
specially protected against accidental contacts, at the expense of the last comer. 

Poles or supports {§ 323) of creosoted wood, iron, steel or reinforced concrete 
are permissible ; for the higher pressures the supports must be consecutively 
numbered and must carry a ‘ danger ’ notice. The factors of safety allowed are 
for iron or steel and 3J for wood or concrete under the same conditions as to 
ice and wind pressure as for wires. For lattice and other compound poles, such 
as A and H poles, special conditions of calculation are laid down. In the case of 
the higher pressures a continuous earth wire must be provided, connecting up all 
metal not alive,* and earthed at least four times in every mile ; and the design must 
be such that the leakage on a contact occurring with live metal shall be at least 
double that required to operate the safety devices for rendering the line dead.* 

Begular inspection and efficient maintenance is, as heretofore, insisted upon. 

All materials used must, at the time of erection, conform with the latest 
specifications of the B.E.S.A. and with the Post Office Technical InstrucMons 
(No. XIII.) for the construction of aenal lines, as far as applicable. 

No limiting span is laid down ; it is clear that if the restrictions are complied 
with the distance between supports is immaterial. In certain cases the Kegula- 
tions may he modified with the consent of the Electricity Commissioners. There 
are no detailed instructions (as found in the B.O.T. Regulations) for guarding 
against corrosion ; but it must be guarded against both statutorily and as a matter 
of common sense. 

In practice, it is seldom advisable to use conductors smaller than 
No. 5 or No. 6 S.W.G. Long spans are generally preferable in 
transmission lines, except where crossing streets or other places 
where the public have a right of way; there the span should be as 

* The terms ‘ danger,’ ‘ alive,’ and ‘ dead ’ in their electrical sense are de™ 
fined in the Eegulations. 
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short as possible. It is good practice to duplicate each wire on 
transmission lines crossing roads ; the two wires are then bound 
together, and the chance of breakage is reduced to a minimum. 
Earthing metal towers or other accessible supports is not always an 
easy matter in dry districts, A continuous earth wire (§ 347) is 
useful for the purpose. Cases have occurred where poles have 
been made ‘ alive ’ by leakage and have caused serious accidents 
to men and horses. During erection and repair, line wires should 
always be earthed. Neglect of this precaution has been responsible 
for cases of shock to linesmen from electrostatic charges on the line. 

The Regulations require a liberal factor of safety (see above) 
in transmission conductors, and assume that a wind pressure of 
8 lbs. (as against the B.O.T. 25 lbs.) per sq. ft. will be operative. 
Actually, such a pressure is rarely experienced at any" distance from 
the coast, but provision must be made for abnormal conditions. 
The United States and Canadian recommendations allow a maxi- 
mum stress of 30 000 lbs. per sq. in. for copper (14 000 lbs. for 
aluminium) at 0° F. with a |dn. coating of ice and a wind pressure 
of 8 lbs. per sq. ft. projected area of conductor. In the Himalayas 
a stranded 7 / 10 S. W.G. cable has been observed when enlarged 
to 4 ins. diameter over a whole span. 

Table 48, abstracted from Nystrom’s, shows the relation between 
wind velocity and pressure. 

The relation between the velocity, V ft. per sec., and the pres- 
sure, P lbs. per sq. ft., is given by P = O’ 002 29 V'\ If x be the 
angle of incidence of the directioa of the wind with the plane of 
the surface, the effective value of P is 0* 002 29 V'^ sin x. 

There are various ways of ensuring that a broken line wire is 
earthed before it reaches the ground. Where there is an earthed 
‘neutral’ (as in 3-wiie D.C. or 3-phase, 4-wire AC. circuits) it 
. may be split into two conductors carried below the other wires and 
cross -connected. A falling live wire must then strike the neutral 
and open the circuit-breaker. Alternative methods are to fix earth- 
ing brackets on, or immediately below, the wires at each end of 
each span ; or to suspend a loop under the outers from the neutral 
at the top. Protection is just as necessary on overhead service 
lines; a man has been killed by touching the broken end of a 
service line attached to a house and apparently ‘ dead, ’ but actually 
‘ alive ’ through a fan in the house, the fan being still connected 
to the unbroken service line. 
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Table 48. — Velocity and Force of Wind. 


Mis. per Ft. per 

Hour. Second. 


1 1*47 

2 2 93 

4 5*87 

8 11*75 

23*45 
29*34 
36*67 

30 44*01 

85 51*34 

40 58*68 

45 66*01 

50 73*35 

55 80*7 

60 88*02 

65 95*4 

70 102*5 

75 110*0 

80 117*36 

100 140*66 

The safest arrangement where different sets of overhead lines have 
to cross (leaving trolley wires out of consideration) is to mate the 
crossing at a support and at right angles. Guard brackets, earthed 
on the pole, can then be thrown out between the two sets. Even 
where all the lines belong to the same person, the not uncommon 
practice of running high and low-tension lines on the same supports 
should not be encouraged. Though it is obviously bad engineer- 
ing, service lines or tappings are sometimes taken off aerial lines 
otherwise than at a point of support ; this is prohibited. 

325. Strength of Poles. — First consider the effect of wind 
pressure on the whole structure, on the basis of the old Board of 
Trade requirements. The general procedure illustrated by the ex- 
amples in this and the succeeding paragraphs is the same whatever 
the regulations in the locality concerned ; it is only necessary to 
substitute the appropriate loads, factors of safety, etc. 

Wind pressure on wires = 0*6 x (d / 12) x JD x ^ x 25 « 
V25dLn lbs., where d = diameter of wire in inches; L =» length 
of span in feet ; and n = number of wires. Denoting by H the 
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average height of wires above ground in feet, the moment (W) of 
wind pressure on the wires is given hy W = 1*25 dLnH Ib.-ft., 
and is generally assumed to be operative on the pole 1 ft. above 
ground level. 

.The wind pressure on pole = 0’6 x (Mean diam. / 12) x Ex- 
posed height X 25 = 1*25 X Mean diam. in inches x Height in 
feet. The moment of this pressure, again assumed to be operative 
1 ft. above ground level, is: P = [1*25 x Mean diam. (ins.) x 
Height (ft.)] x Height /2 = 0*625 x Mean diam. (ins.) x Height.^ 
Then, allowing a factor of safety of 10 for wooden poles or 6 for 
steel poles, the poles must have a breaking stress not less than 
10(TF 4 - P) or 6 ( PF + P) respectively. The new Regulations will 
greatly reduce the actual strength required. 

In the 3-phase transmission line worked out in § 302, there are three No. 3 
S.W.G. wires, of 0* 372 in. diameter. Assume that the ground permits spans of 500 
fc., and that metal poles of 6 ins. average diameter are set with 30 ft. out of 
ground. Suppose also that a fourth No. 3 S.W.G. wire is used as continuous 
‘ earth- wire’ (§ 347). Then wind pressure on wires = 1*26 x 0- 372 x 500 x 4 = 
930 lbs., and if the average height of the wires be 28 ft. the moment of wind pres- 
sure = 930 X 28 = 26 000 Ibs.-ft. == W, The wind pressure on pole = 1*25 x 6 
X 30 == 225 lbs., and the moment of this pressure — 225 x 30 / 2 = 3 380 lbs. -ft. 
= P. The total bending moment to which the pole is subjected by wind pressure 
of 25 lbs. per sq. ft. = W + P = 26 000 H- 3 380 = 29 380 Ibs.-ft., hence the pole 
(unless stayed all round) ought to have a breaking stress not less than 6 x 29 380 
or say 176 000 Ibs.-ft., which is equivalent to 6 300 lbs. applied 28 ft. above ground 
level. Obviously no single pole of the assumed dimensions would give the requisite 
strength, hence a lattice or built-up structure would be necessary. (It may be 
noted that the Hamilton poles used for telegraph work have the following break- 
ing loads, viz. ABC, 1 250 Ibs.-ft. ; ODE, 3 600 Ibs.-ft. For steel tramway poles 
see Chapter 35.) 

326 . Stays and Stay Wires. — Galvanised steel stranded wire 
is used for stays, and a breaking stress of about 30 tons per sq. in. 
may be assumed; but for special work it can be produced up to 
100 tons per sq. in. Stays may be needed either to strengthen the 
line at angles or terminal points, or to bring up construction on 
straight lengths to the required strength where the poles are not 
strong enough. They also serve to prevent the wires blowing 
together in a wind. They should be fixed to the post, if possible, 
above the line wires or at the resultant point between them, not 
below. It is evidently better at an angle to fix a stay in each 
alignment, rather than one only, in the resultant direction. Again, 
stays should be carried well away from the pole, for a stay at right 
angles would be in the best possible position. Finally, the stay 
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wire must run straight to the anchor, with no angle at ground 
level ; it is best to undercut the hole for the anchor and to cut a 
slot in the ground for the stay wire. Where a wash-out is liable 
to occur in heavy rain four stays are sometimes advisable, two 
across and two along the line, to limit the trouble in case of a break- 
age of the line. 

Taking first the case of a terminal stay, assume as in the previous paragraph 
that a line of three No. 3/0 wires (breaking strain 6 100 lbs.) is terminated on a 
pole, and that the stay is to carry the load. If the wires have been erected to 
have a factor of safety of 5, the tension which three such wires will exert on a 
terminal post will be 3 x 6 100 / 5 — 3 660 lbs. The tension to be taken by the 
stay would then be (3 660 / sin d), where d is the angle which the stay makes with 
the post. Thus, if fixed at right angles, in continuation of the line wire, the 
tension is evidently 3 660 lbs. ; at 45® it is 5 180 lbs. ; at 30°, 7 320 lbs. If the 
factor of safety of the stay is 5, it should have a breaking load of 25 900 lbs. for 
45° and 36 600 lbs. for 30°. Iron stay wire may be taken as having a breaking 
load in lbs. of about 3J times its weight per mile, so that the stranded wire used 
should be equal to 7 800 lbs. and 11 OOO lbs. per mile in the two cases. For steel, 
one-third or less of these weights per mile would be sufficient, according to the 
material used. In this and the following instances the roughest calculation 
suffices ; there is no necessity to ascertain the exact angles dealt with. The follow- 
ing values of the sine will be accurate enough : — 

Angle 90° 75° 60° 45° 37^° 30° 221° 15° 10° 5° 

Value of sine 1 -96 *87 *71 '61 *5 *38 *26 *17 *08 

In the case of an angle stay, the resultant load, E, caused by the wires {i.e, the 
line wires) on the post is : i? = 2Tsin (0 / 2), where T is the tension of the wires 
and 6 is the supplement of the angle contained by the line wires. Thus, suppose 
the three No. 3/0 wires all make a horizontal angle of 120°, where the line changes 
its direction at a certain angle pole, then 0 is 60°. The tension of the three wires 
is, as before, 3 660 ibs., so i2 = 2 x 3 660 x sin (60/2). As sin 30° = 0*5 the 
resultant load at this angle is the working load on the wires or 3 660 lbs., so a 
single resultant stay will be of the same size as the terminal stay already worked 
out above. 

For other angles in the line the weight per mile of the terminal stay as 
previously determined should be multiplied by the following factors : — 


Angle of Wires 
at Angle Post. 

Supplement. 

Multiplier for 
Stay Wire. 

90° 

90° 

1*4 

120° 

60° 

1*0 

140° 

40° 

0-68 

150° 

30° 

0-52 

160° 

20® 

0-35 

170° 

10° 

0*17 


These factors are of course equally applicable to any other line for which a 
terminal stay has been calculated. If a stay can be fixed in each alignment, in- 
stead of one in the resultant, each component may be of half the size of the single 
stay. The straining screws should not be weaker than the stay wires attached to 
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them. As the stay is connected to the ‘ earthed ’ pole it is sometimes advisable, 
especially in the hills, to insulate the accessible part of it by means of a tramway 
‘ strain insulator. ’ The pole may of course accidentally become ‘ alive ’ through 
a fault on the line and a bad earth, but accidental contact with a live stay wire is 
much more probable. 

327. Dip and Stress of Wires ; Spacing. — As regards the 
wires, the old B.O.T. rules assumed that the dip would be such 
that the wire was subject to ^ breaking stress under the worst 
conditions. This is in fact seldom the case, but the elasticity of 
the wire and the ' give ’ on the posts may counterbalance abnormal 
conditions to a considerable extent. Where snow is experienced 
the overall diameter of a wire may be increased up to 3 or even 
4 ins. ; but in many cases, as in Indian hill stations, a high wind 
does not accompany the conditions for ^ binding ’ snow. In such 
cases, if the wire is strained so that it will be subject to ■} break- 
ing stress at the probable minimum temperature, snow may be 
disregarded ; and where snow never falls a somewhat lower factor, 
or smaller dip, may be allowed. 

Thus, to continue the example of 3- phase transmission from the preceding 
paragraph, the breaking stress of a No. 3/0 S.W.G. hard-drawn wire may be 
taken as 6 100 lbs., and to allow a factor of safety of 5 we must take a working 
stress, S, of 1 220 lbs. (see col. 6 of Table 44, § 307) at the minimum temperature 
expected. The span L being 500 ft. and the weight, w, of 1 ft. of wire being 0*42 
lb., the dip or sag D is given by: D ~ x w f B x S — 500 x 500 x 0*42 / 8 x 
1 220 = 10*8 ft. 

Suppose the minimum temperature to have been taken as 22° P., and that a 
maximum temperature of 100° F. occurs. Then the new dip will be 
(T X |7c)], where T is the rise of temperature and k is the coefficient of expansion. 
For copper k = 0* OOO 009 6 per 1° F. Hence dip at maximum temperature == 
+ 6002}(78 X I- X 0-000 009 6)] = ^(116*5 + 70*5) = 13*7 ft. If the 
lowest wire were placed 27 ft. above ground at the pole, the height in centre of 
span would then be only about 13J ft., so that, unless the ground dipped down, a 
longer pole would be necessary. 

The distance of the wires apart, or spacing, is regulated by two 
main factors : (i) the pressure, (ii) the dip ; the latter depends on 
the weight of conductor and the span, as explained above, and the 
length of span is in turn dependent on the nature of the country. 
It is purely a commercial question whether high towers and long 
spans are preferable to short posts and spans. It has been shown 
in I 302 that the power lost in the line by reactance is proportional 
to the distance apart of the wires, and in long lines this must not 
be lost sight of. Short spans at low pressure should have the 
wires at least 1 ft. 6 ins. apart, and the distance must be increased 
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L "tile pressure and the dip. Up to 10 000 V, with short spans, 
G ins. is sufBcient. In long spans the wires should be ar- 
;*odL so that no two are in the same horizontal plane, because 
Ixoir liability to blow together in a *wind. For pressures 
20 000 V, the minimum distance in inches should be 
0*001 25 X volts. A useful dip and stress table will be 
Lci in Glover’s Vade Mecum, A case has been cited in 
^nricia where a heavy short-circuit, and the consequent repulsion 
■fco the excessive current, caused a pair of wires to separate 
great tension, and to fly together when the circuit- breaker 

1 . 

■fc XXI ay be necessary to increase the spacing of wires to avoid 
cxa* discharge, but it is more effective to increase the diameter 
LO •wires (§ 316). 

Temperature Rise of Overhead Conductors. — The 

>ex*a.ture rise (which affects the sag, § 327) of a solid copper 
.xxotor in still air is given approximately by — 

t -19-8p7V(^' 10 ®); 

ro t temperature rise, in °C. ; p = specific resistance of 
--<ia?a,wn copper, in microhms per cm. cube (§ 62), at tempera- 
i^a)°C. ; ta = air temperature, in °C. ; I = current, in 
; d = diameter of conductor, in inches (Table 44^ § 307). 
1 is known the appropriate value of p cannot be determined, 
o it is necessary to assume a limiting temperature {t ta)^ 
t from the formula, and repeat the calculation with a 
rorxt assumed limiting temperature if the difference between 
at-feer and the temperature rise is not approximately equal to 
^ehixal air temperature. 

['Jh.o inverted formula I == x 10®/19*8p) can be used 

rtly to determine the current corresponding to a specified 
►oxrature rise above stated atmospheric temperature. For 
conductors the diameter of the solid wire of equal copper 
:)xx should be taken for d in the above formulae ; the current 
ba/i^ed temperature rise will be about 8 7 o greater than thus 
•xxxined from the formula. 

OL eel-cored and aluminium cables the temperature rise is 
blxan in copper conductors of equal resistance because the 
■fcixxg surface is greater. 

3 . j> 3 ractice the size of conductors used in an overhead line is 
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generally determined by considerations of power or voltage drop 
and not by temperature rise. 

329. Long Spans in Transmission Line. — Where practic- 
able long spans, supported on built-up towers, are preferable to 
short ones on ordinary poles, for high-pressure transmission lines ; 
for every support is a potential source of trouble and every insu- 
lator of leakage. Where the ground is level the dip renders it 
necessary to have very tall masts, but in hilly country it is often 
possible to use Nature’s supports and to run from spur to spur ; 
in such cases the amount of the dip is hardly limited. If the 
wires in an exceptionally long span are run vertically one below 
the other there is no danger of them blowing together and short- 
circuiting the line. 

Por example, consider a span of 2 000 ffc. consisting of three No. 3/0 S.W.G. 
wires. In calculating a 500-ft. span in § 327 the effect of wind pressure in increas- 
ing the stress was neglected ; this must now be taken into account, so in the 
formula D = L- x w f S x S 327) the factor w will now be where 

W is the weight of the wire in lbs. per ft., and P = (0*05 x Wind pressure in lbs* 
per sq. ft. x Diam. of wire in ins.). Then the equivalent w = ^[0*d-2'^ 4- (0*05 x 
25 X 0* 375)2] = J{0 - 176 4- 0* 216) = 0* 626 lb. per ft. The dip, with a factor of 
safety of 5 at minimum temperature • and 25 lbs. wind pressure, will then bo 
(2 000 X 2 000 X 0* 626) / (8 x 1 220) = 256 ft. ; or, with a factor of safety of 4, 
206 ft. ; and with a factor of safety of only 3, the dip would still be 155 ft. 

Obviously such spans on level ground would involve impractic- 
ably tall supports, except in such cases as a river crossing, where 
the alternative would be an under-water cable (§ 292) ; instances, 
however, may be seen at Buffalo and elsewhere in the U.S.A., tlie 
tension on the wires being regulated by a pulley and weight 
inside the steel pole structure. In crossing a valley, on the other 
hand, these dips would he no obstacle, and the extra height gained 
under the wires by lowering the factor of safety would offer no 
advantage. The extra dip at the maximum temperature will not 
seriously affect the problem in the case of long spans — see formula 
in § 327. If on such a span silicon bronze wire of the same size, 
with a breaking stress of 110 000 lbs. per sq. in., wore used 
instead of copper, the dip would be reduced to about half the 
figure given above ; and in the case of only a few isolated spans, 
the extra loss of pressure could be ignored (see Table 49, in § 331). 

330. Insulators. — Porcelain insulators are used for the most 
part, though glazed stoneware and glass are also extensively used 
in some countries. For low-tension work the insulators differ 
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British Aliminhm Co.^ LtcL 


Ar4UMlKlUM Co^-DUCTORS ON WoOD 
Polks. 


A 6 000 V, 3-phase, double-circuifc 
transmission line on A type poles. For 
equal conductance the aluminium is 20 
to 25 °/q cheaper than copper. The 
d.iameter of the conductors is 28 °/o greater 
and the strength 18 °/q less than witli 
copper, but this is of little importance on 
spans up to 200 ft. Little difference is 
involved in the height or strength of poles 
required. 


Stkkl-Cored Aluminium Conductors on Steel Towers:. 

A 154 000 V, 3-phase, single-circuit transmission line 
with 1 100 ft. span. The aluminium ■wires are stranded 
round a core of steel wires, providing a cable which is stronger, 
lighter, and cheaper than copper cable of equal conductance. 
This makes possible long spans, reduces the number of towers 
and insulators, and thus increases the security of the line. The 
long spans permissible are particularly useful where a river or 
marshy ground has to be crossed. 


[To face]}, 458. 






.Typical ‘KALANiTP^i’ Insulatohs for Powfr Transmission Lines. 
(/>.// Calh'iuler's (Juhle cO Construction Co., Ltd.) 


Flash-over Test. 


(A) Low tension insulator 

(B) 6 600 V straight line insulator 

(C) 6 GOO V end strain insulator . 

(D) 33 000 V straight line insulator 

(E) 33 000 V suspension insulator . 
(P) 66 000 V straight line insulator 


Wet 

Dry 

20 000 V 

40 000 V 

40 000 V 

65 000 V 

40 000 V 

65 000 V 

85 000 V 

120 000 V 

85 000 V 

120 000 V 

145 000 V 

200 000 V 


The lower petticoat of the insulator shown at (P) covers 
reduces the liability to short-circuiting by birds. 


tlie cross ann and so 


[To face p, 459. 
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little from those used on telegraph lines, ■with doable or triple 
petticoat, except that for large wires the mechanical strength must 
be greater. For high-tension circuits up to 50 000 V, or even 
70 000 V, insulators of the same general type (i.e. pin supported) 
are used, but these are very much larger in order to secure 
mechanical strength saflSeient to carry heavy lines and in order to 
increase the leakage path and the flash-over distance from the 
wire to the spindle and earth. For yet higher pressures, and up 
to 250 kY, suspension type insulators are used ; these generally 
resemble inverted saucers or truncated cones, the under-surface 
being often corrugated, i.e. made with ‘ petticoats.’ Such insu- 
lators are used mechanically and electrically in series to suspend 
the line from the cross-arm of the pole. The connection between 
successive insulators may be in the form of a pin cemented into the 
upper insulator which engages with a metal cap attached to the 
top of the insulator below (‘ cap ’ insulators) ; , or the porcelain 
pieces may be formed with two tunnels at right angles through 
which pass stranded steel wire links providing the mechanical 
coupling between adjacent insulators (Hewlett insulators). 

A number of typical insulators are illustrated opposite; 
these are made of ‘ Kalanite,’ a proprietary hot-moulding (§ 75) 
insulating material which is much tougher than porcelain and 
consequently not subj ect to malicious damage by stone-throwing, 
etc. The dielectric strength of Kalanite is said to be equal to 
that of porcelain, hut its resistance to the passage of A.O. is about 
28 7, that of porcelain. The leakage current through a Kalanite 
insulator is about three and a half times as great as that through a 
porcelain insulator, but the actual amount of energy so dissipated is 
negligible in both cases at normal transmission frequency. The 
energy dissipated by the Kalanite, however, increases directly with 
frequency and, whereas vitreous insulators offer high resistance to 
the passage of high-frequency current, it is claimed that Kalanite 
permits lightning, switching, or other high-frequency surges to 
go safely to earth. 

The characteristics and requirements of porcelain as an insulator 
are discussed in § 74, 11(c), and the testing of insulators is mentioned 
in Chapter 40. The design and manufacture of insulators for extra 
high pressures are highly specialised problems in which great ad- 
vances have been made during recent years. It is now recognised 
that the main problem of design is not to provide a leakage path of 
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imiximuiii leiigtli on Urn mirfaeo of tlio. iiiHtilnlor, but to whniM* nml 
iirmngo partn of tho iimulaior, that it ami tln^ hiimiiiiitiiiig 
air are Hulyoctod to aH ami an iioarlj nnitVirm, pot«*iitial 
as poBsible. A laoehauical dilliculty, wlaa*!? thor«- art? i’lSiiifiilit*! 
joints liotwoen stool an«l porctdaia, is U) olitain seourr* Ibiiiig witlioiit, 
risk of cracking by expansion <^r contraotioii stoj-Hsos 
of expansion of Hteel ami cement are higbisr than iliiit of |.»«>rrolain|. 

C. E. Eldtif (Joar. /.K./*/., VmI* 62, jj. -' tOi) ihat luii tv|ii’ 

tors Hhould be munirtsd k> thssir pien by hump twieu pm*kmg^ wiihaul itiiy v$^nwul , 
tha pin should liavtia rough-nut lhri*itd to grip the Iwln**, and IIpi 
hoof Huch aizo that only out? hiynr in rafpiirnd ; aPio, tin* ?dioiil?i b« npiin 

loosaiy enough to ImsjI wall into the tliroadn, niui a f«dt w-ffcd nn««5ibi b*- uoHU-li'rl at 
the bottom ot tlio hohs. 

A string of Hewlett insulatorn ctuiHints oaHeiitially *4 n ('hmu of ? 4 rr*| isiiPfn 
insulated froineacdi other by Hpaeing pieoenof porrelaiii ; Itnf >.iiroiigUi 

of the BUHjKHiHion is uualfefded by Ijreakag'"* ‘d th*’ ritid lliero 1-^ little 

risk of th(5 metal links being mulled i»y arnng. 

Thu use of aemunt in e.ap-type suH|smHioii uenilmitu’ » uiiu fiVM}d«*-4 hy nuruw- 
ing the pin into a spur.i ally shaped nut whieh i?4 held iiiiielr flm itruilfiiiir liy ii 
piaee of porcelain c>f spherieal form ; ihr* iattur iw m»eri,ud in tip* raiity lliii 

insulator is baked and eamiot HubHuqmtntly be witiidrawii JLrfr,, If, 

1922 ). 

The best iiuxloru [niniyjMt insnbtiorH liigli--'prf^iiri‘ liipm 
are designed with full roH^ogniiion uf the imjsirtiiiice «if Hi'ciiriiig 
umfontiity in the (jlcftircj^taiic* tield, and tlieHo iiiHiiIiilors iiri* 
characterised by the almence of the very %vifie«s|iri*iid liomi wliiidi 
ormed a feature of older ilenigiiH. Thi^ Hamit primdjile in liikeii iiibi 
onsidoration in the design cd HUsjHinHien iiwiiliilfirM, Wlao’e tbiy 
re applicable pin 4 y|ss inHulat<.frH Intve the inlvantugii tlmia idiiirler 
polo or tower can 1 m;i used fchitn with suspaisioii iiisiiliiiiirs for lie* 
same clearance) above grouml. 

At tlu) pressuroH for which Hua|sfnsioti instilfiiors n'm itiiil 
particularly a!>ove KK) kV, the uniformity or oilii^riidse of llin 
division ot potential Isitwcen tlie uiiiis of ii siring of lumthmm m 
an im|Kirtant fac^tor. Even if only two insuliitoi^i b? tisud in serii's 
th(^ IVl). across tln^ one nearer the line is greitler lliiiii fliiii ni’ria.f* 
the other, and, as the number of instihitoiii in mirins k iiirriffteoii 
tlie departure from unifonn division of jiot«ailiiii 1^*001141!^ more 
marked. 

With mure than fivu iiiHislatem in mmm tlwruk «lill inm 'Sh'M$ ‘7. *4 ifpi 
vjdtjigu arenw thr? insulator tmutmt ilm Umi, anil il thi^ a liighur IMP llmtium 
insiilatcrruaii carry mfidy fiw it may well lie in lli« liigh 

lines) wii riiftoh a limit beyond whi«h it h to ly* 011*1 

4iU% 
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addition of another insulator to the chain does not appreciably reduce 
coss the line-end unit. Fortunately, this difficulty can be overcome. 
X of potential between the units of the string is determined by the 
gnitude of the capacity of the insulator itself and its capacity to earth. 
Lg the capacity of the line-end insulator, the P. D. across the latter can 
In this respect cap-type insulators are preferable to Hewlett insulators 
fclneir greater capacity (say 30 fifiF compared with 15 jufiF.) In some 
xp is extended by metallising the adjoining surface of the porcelain 
xoop-spray or similar process), thus further increasing the capacity of 
or ; the objection to this is that the end insulators are not standard, 
ore, involve extra cost and the risk of being used in the wrong position. 
Gap insulators in series with Hewlett insulators offers another means of 
the capacity, and, therefore, the potential of the insulation as a whole, 
increasing the capacity of the end insulators the division of potential 
[iialised by reducing the capacity of the links with regard to earth, 
be done by using oil-soaked hardwood or other insulating material 
aetal links provided that sufficient mechanical strength can be obtained. 

cierica a number of extra high pressure lines (up to 220 kV 
phases) are insulated by strings of standard suspension 
3 , electrostatic flux shields being provided at each end of 
r. These consist of large metal rings, one earthed and one 
i to the line, placed concentric with the string of insulators, 
ing as electrodes between which is established a uniform 
xtic field. The stress across the individual insulators is 
L by this means, and any flash-over or arcing occurs be- 
xe guard rings, well away from the insulators. 

Elash-over voltage in fog or mist generally determines the 
of suspension insulators needed in a chain ; the flash-over 
xf the chain being satisfactory there is generally no risk of 
own by puncture. 

xe case of some three-parfe insulators mentioned by W. T. Taylor 
Vol. 46, p. 538), the flash-over voltages for a single insulator and 
, 5, and 6 in series were, respectively : Dry Test — 90, 160, 220, 274, 310, 
"V. Standard Precipitation Wet Test — 56, 90, 130, 175, 220, and 265 kV. 
Lilators of this type in series are considered ample for a 60 000 Y line, 
Lsulators for a 104 000 Y line. 

.lators should have the same mechanical factor of safety as 
as which they support (i.e. 5 according to the old B.O.T. 
Then the breaking load of a terminal insulator is the same 
of the wire with which it is used. Thus a No. 3/0 wire 
iiting load 6 100 lbs. and working load 1 220 lbs. ; for a 
1 insulator to carry this load, with a factor of safety of 5, 
Tcing load should be not less than 6 100 lbs. 

3re the wire is not terminated, but makes an angle or change 
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of (liroetiori afc the imulator, Bin (6 / 2) iiniBt not Iw^ tii^iri 

{li / tT), 111 the prOHent cane it, thf^ }H!rniiHHih!i* hwl an ihi* in* 
Biilator, witli tlie roiinirnd fae.tor<*f nafety, in I 220 !!«. ; 7\, I In* 
workini^ load on the wire, inilieHame; so H / 27' 0'.*!. Tlo^n^' 

fore, when the wire niaken an rd 120'*, tie* Hn]>f>lpiiji*iii d 
(Kf, sin (0 / 2) =3 0*5. Ah in the ease of slaYs 02fii, thi^ aiijd** 
is e(|uivalent to a terminal pant. At any nr^ri^ sevien* ait;^d»‘ ii 
stronger insulator is nHjuired ; thus at when* d in iiIhh !I0 ; 
sin (0 I 2) is ()’71 and is greaO«* than ( Ii f wli«*r**ie4 at any 
less angle tlian GO'’ the insulator has a liiglter faetur of siifi*ty iliiiii 
5. Where a large solid ('oj^per wire, luakos a eonHiilorahlt’ aiiglt*, m 
at a cornea' pole, it is advisfible 0^ l>roak uj> the angt* hy mdiig tw«i 
insulators ; othie'wise tlua’ti is eonsiderahlo daiig**r of lir«*iili;igo 
occurring. 

331. Conductors other than Copper. - aluiniiiinio 

as a material for overhead condueloi*H has m**nti»»noii in 

§§ GO, 008. Tlie <liiimeterof an ahiminium wiro is 2H ’ groatiT 
tlian tliat of a copper wire of equal comluefivit \% nr* tin* iidiid 
presHunu and weight of snow are inereaspd. Aeeordiiig to lli** 
British Aluminium (Jo., the coeflkient r»f linoar i-^ 

(>• OOO out G per V F., so the di|) ineri*aH»»H mm'e nipiGly tlniii with 
copper (§ B27), and the spaeing between wires niuHf. be gri*ati‘r. 
For long spans the dilTerence in tieth*etion between ahitniiiiiuii iiiid 
copper wires may hi so gn^it as hi iisjuire a liigber pol«^ ur to%vrT 
when tlie former metal is usefL A.s greater eariMs iieee««ary for 
stringing aluminium tlian copper wire, and also for tim geiiernl 
andling, it costs more to erect, Meehanim! coitiif*rhirs nr** often 
sed in place of soldra'ed Joints. 

(Jadmium-coppw wires ^ offi*r the advantjigi* of high 
strength witli relatively Iiigli conductivity. 

P\>r very long spans hronze and even steel (| OOOi wirr^s nn* 
oftrwi used. Particulars of the materiiils nieritionf*d art* in 

liable 40. 

As mentioned in || G4, 300 iron coieliiciom iniiy Im» 
economically for the transmission of ndatively smiill iiiiioiiiilH of 
piwer at higli voltagti, as in rural rtleciricity supplj*. A ly|iit»i.il 
American installation uh*w No, HHW.d giilviinised iron wirf*s fur 
tln^ transmission of 05 kVA at 22 000 V, 3«pliiise (2| A fwr |i!ii.i»y| 

^AVv! (linif o:i')pp(3r»0rulmh.ini Wire for K!#3#:tric»l Tri«i«iiiiwieii,* i#y W. f*., 
Hmith, KL ItWW, Vel. 70, p. 22a. 
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Table 49. — Constants of Aluminium^ Cadruium-Gopper, 
Bronze, and Steel Conductors {see also §§ 307-309). 



Conduc- 
tivity ; 
Copper 
= 100. 

Breaking 
Stress. 
Lbs. per 
Sq. In. 

Weight of 
Equivalent 
Conductor ; 
Copper = 
100. 

Coefficient 
of Expansion 
per 1° F. 

Percent- 
age In- 
crease in 
Resist- 
ance per 
P P. 

Copper, hard drawn . 

100 

56 000 

100 

0* 000 009 6 

0*238 

Cadmium-copper (0*7 °/o 

93-5 

73 000 

107 




,, (l* 17 oCd) 

90 

100 000 

' 111 





Silicon bronze (1) 

97 

63 000 

103 

'V 


n „ (2) 

80 

76 000 

125 



» (3) . . 

45 ; 

110 000 

222 

j-0* 000 01 

0*1 

Phosphor bronze 

26 

101 000 

384 



High carbon steel 

11 

125 000 

910 

-0- 000 006 

0*2 

Aluminium .... 

61 

30 000 

48 

0- 000 oil 

0*217 


for a distarico of 31 mis. ; the power loss in the line is about 9 7^. 
The charging current of lines of these physical dimensions (whether 
of iron or copper) is a serious factor, and it is advantageous to secure 
induction motor loads along the line, as well as at the end, if possible 
(§ 158). Line loss is a minimum when the current at the load end 
has a lagging component about equal to half the charging current 
{EL World, Vol. 70, pp. 715, 1 252). 

332. Cost of Overhead Lines. — It is impracticable to give 
much guidance as to the cost of transmission lines, underground or 
overhead. For underground cables a quotation should be obtained 
from the makers, and the cost of trenching and laying added. In 
the case of overhead lines the price of bare copper wire fluctuates 
between about £60 and £85 per ton in normal times. Ordinary 

Table 50. — Cost of Overhead Lines {Pre-War Basis). 


Size of Wire. 

S.W.G. (or Equivalent). 

System. 

Approximate Total 
Cost per Ml. Run 
of Line Erected. 

£. 

7/0 

f 2 -wir 0 

620 to 730 

\ 3-phase 

810 to 1 020 

3/0 . . . . . 

f 2-wire 

440 to 550 

\ 3-phase 

590 to 730 

1/0 

f 2-wire 

330 to 405 

\ 3-phase 

440 to 550 


/ 2-wire 

205 to 260 

5 

\ 3-phase 

295 to 405 
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light metal poles cost from £3 to £12 or more, and built-up towers 
for long spans may cost ten times as much. As a rough guide 
some figures for a few sizes of wire may be given, based on copper 
at £75 a ton, and lines of the strength required by the rules (for 
maintenance see Chapter 39). 

333. Economical Section of Conductor ; Kelvin’s Law.— 

In the majority of actual cases a certain percentage loss of the 
delivered power is assumed from experience, and the pressure of 
transmission is settled according to the length of the line. Strictly 
speaking, these factors should be ascertained by the application of 
Kelvin’s Law,* so that the^ annual cost of wasted energy in the 
line (G^B watts) plus the annual allowance for interest and de- 
preciation of the line shall be a minimum. 

Thus, take the case of D.O. transmission calculated in § 296. The fulMoad 
current was 159 A. The probable load factor in any case can be approximately 
gauged from other working undertakings ; assume it to be 31 and the average 
current will then be 50 A. Take the resistance per mile of any wire of about the 
size required, say 0*25 n per ml. ; then for a mile of line (lead and return) the 
resistance is 0*5 n. The power lost in this would (on the average) bo 
(50^ X 0*5 / 1 000) or 1*25 kW, equivalent to 11 000 kWh per annum per mile of 
line. From the rough estimates the probable output of the station in units and 
the total annual cost of the plant [interest, depreciation, fuel (if any), and estab- 
lishment] will be known, giving the cost of each unit generated. In this case 
take the cost per unit as 0‘66d., a fair figure for water power on the assumed con- 
ditions. Then the cost of the 11 000 units lost in transmission per mile would be 
£30 5a. Now lay out a diagram (Pig. 54) with resistance (inversely proportional 
to cross-sectional area) of copper horizontally and cost vertically, and mark the 
point where £30 5s. and 0'25 £i per ml. meet. Draw a straight line through this 
from the origin. Next take any three sizes of wire somewhere near the mark and 
find the approximate cost of a mile run, i.e. in this case 2 mis. of wire. Taking 
this at £75 a ton, or say 8d. a lb., we get the following : — 

7/0 S.W.G. Weight of 2 mis. ~ 8 000 lbs. Cost ~ £266 
5/0 „ „ „ =6 000 „ „ =£200 

3/0 „ „ „ =4 400,, „ =£147 

Taking 10 ®/o of these costs for the charges on the line, mark off the points where 
these annual costs correspond with the ohms per mile of the wire thus 

7 / 0 S.W.G. Ohms per mile = 0*22. Annual cost = £26 128. 

5 / 0 „ „ „ = 0*29. „ „ = £20 

3 / 0 „ „ „ = 0-39. „ „ = £14 i4s. 


* Lord Kelvin’s original statement was : ‘ The ecc^omical cross-sectional area 
is that for which the annual cost of energy lost just equals the annual interest on 
the capital invested.’ Hopkinson’s modification (which is particularly applicable 
to feeders for public electricity supply) provides for the ratio, of the gross annual 
revenue derived from the conductor to the total gross annual OP- it and 

on the energy supplied through it, to be at the maximum. 
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Draw fclie curve through these three points, and where this curve is intersected by 
the straight line the combined costs will be a minimum. The resistance per mile 
corresponding to this point, m,. 0-22 il per ml., will give the most economical 
Size of wire to use. 

In the case of 3-phase lines, the same data may be more easily obtained and 
plotted for a single conductor than for the three wires. 

In the case of overhead lines results near enough for practical 
purposes will be obtained by considering the annual charges on the 
copper alone, though strictly speaking the cost should be increased 
for large sizes owing to the greater cost of the poles. 

In the case of insulated cables the total cost should be used as 
a basis for the calculation, instead of the cost of the copper alone. 



Fig. 54. — Graphical example of Kelvin’s Law. 

At 20 kV working pressure, the commercial considerations entailing the selec- 
tion of such a voltage also determine to some extent the size of cable most com- 
mercially economical from the transmission and distribution point of view. In 
the case of distribution to a number of areas in various stages of development, the 
most economical section will be O'l to 0*15 sq. in. at 20 kV. Where a large 
amount of power has to be transmitted from a generating station to a main dis- 
tributing centre, and the cable will be more or less fully loaded, it may be best to 
use, say, a 0*25 sq. in. cable, working at 33 kY. The considerations then to be 
taken into account are: (a) the limit of current density fixed by working tempera- 
ture and largely dependent on method of laying and number of cables in proximity 
to one another ; (6) the broad aspect of the whole scheme in which cable con- 
siderations are simply an item (0. J. Beaver). 

It is evident that where water power is in question the generat- 
ing cost per unit will usually be lower than with steam ; if, however, 
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the available power is limited, and can all be sold, every unit 
lost in the line is a direct loss of revenue to the undertaking* at the 
actual rate of sale, and the average selling price per unit should 
then be taken instead of the prime cost. 

334. Cables v. Overhead Lines. — Underground cables are 
much more expensive to install than overhead lines, but in 
crowded cities the former are preferable if the undertaking can 
stand the cost. In this country, distribution circuits in towns are 
cabled with few exceptions (Chapter 24), but overhead work is 
often used to begin with, and cable substituted later on when the 
demand can be gauged accurately. Feeders or lines which do not 
require to be tapped en route (except long transmission lines) 
should as far as possible be placed underground; distribution 
lines, on the other hand, are more conveniently run overhead, as 
the cost of service lines is much less. This is an important point 
with a new undertaking ; where houses are far apart, as in rural 
districts and colonial cities, the number of services per mile is 
abnormally low, so the cost has to be kept down if any profit is to 
be made. For long-distance transmission, aerial lines are uni- 
versal. 

Some idea of the relative cost of underground and overhead transmission 
lines is to be obtained from the following figures (pre-war), but these may only be 
taken as a general guide, since conditions differ enormously in individual cases, 
and even Id. per kW per mile means £12 500 when the transmission of 30 000 kW, 
a distance of 100 mis., is in question. A.O. can hardly be transmitted underground 
at pressures exceeding 33 000 V, owing to the magnitude of capacity currents 
(§§ 288, 311). 


Kilowatts 

Voltage .... 

200 

6 to 10 kV 

500 

OtolOkV 

1 250 

10 to 12 kV 

10 000 to 

15 000 

50 to 100 kV 

30 000 

100 kV 

Capital 

/Overhead 

35s.-20s. 

20s.-10s. 

12s.-6s. 

3s.-ls. 6d. 

Is. 

cost 

1 

i 





per kW ' 

1 Underground 

75S.-50S. 

40s.-25s. 

22S.-15S. 

3s. 6d.-2s. 

Is. 6d. 

per ml. 

1 







In comparing the costs of transmission by 8-phase A.O. ahd by the Thury 
D.O. series system (§ 317), J. S. Highfield gives various estimates, from which the 
figures in table on opposite page are deduced. 

The assumptions on which these (pre-war) figures are based are : — 
Overhead,^^ wires for A.O., 4 for D.C. Line 100 mis. long; P.F. 0*85; 
full-load pressure drop, 10 7o i lattice steel towers 150 yds. apart. 

Underground , — Cables in stoneware ducts. Copper £62 per ton ; lead £13 9s. 
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Cost per kW per ml. of line or cable (erected) for 
transmitting . 

(a) 

lOOOOkW 

(b) 

30 000 kW 

Overhead — (1) 60 kV, 3-phase 

s. d. 

s. d. 

3 4 

2 0 

(2) 60 kV, D.O 

2 8 

1 5 

(3) 100 kV, 3-phase . 

2 6 

1 1 

(4) 100 kV, D.O 

2 2 

0 11 

Underground — (5) 20 kV, 3-phase 

7 6 

5 6 

(6) 50kV, D.C 

3 6 



(7) 100 kV, D.C 

3 0 

1 6 


per ton. D.O. system, two wires equally insulated ; sectional area — case 6 (a), 0*25 
sq. in. ; 7 (a) 0*125 sq. in.; 7 (5), 0*35 sq. in. A.O. system — case 5 (a), two 3-core 
cables 0*175 sq. in. area; case 5 (b), two 3-core cables 0*35 sq. in. area. Current 
density in cables 850 A per sq. in. Cost of trenching, laying, and two- or three- 
way conduit— oases 5 (a), 6, and 7, £834 per ml.; case 5 (5), £1 100 per ml, 
further information relating to the cost of transmission is given §§ 332, 333. 

At pressures for which they are applicable (§ 288) underground 
cables have the advantage of not being exposed to lighting, and 
of being out of the reach of most other extraneous causes of 
break-down. The security of supply is therefore greater with 
cables (where these are applicable) but when a break-down does 
occur it is more difficult and costly to locate and repair than is 
the corresponding break-down on an overhead line. Deterioration 
in cables can generally be detected before break-down occurs, but 
the nature of faults on overhead lines (breakage, short-circuit, 
etc.) is such that the occurrence is sudden. From the point of 
view of public safety and the safety of workmen cables have the 
advantage. The inductive drop is much greater in overhead lines 
than in cables (§ 310) but, on the other hand, the charging current 
is generally much greater in cables than in overhead lines 
(§§ 304, 311). 

335. Telephones. — In every electric supply undertaking, and 
especially where there is transmission of power over a distance, 
telephone communication is necessary between the different sub- 
stations and the power house. For this service overhead lines 
are almost invariably used. It is preferable to carry these circuits 
on a different alignment to the power wires, because when there 
is a fault in the transmission service interference is likely to re- 
sult between it and the telephone circuits, and it is at such times 
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that clear speech is most important. In any case a double metallic 
circuit should be used, and not a single line with an earth return. 
The wires should be systematically transposed at frequent inter- 
vals, so as to neutralise the effects of induction due to variations 
in the current in the power line and also to the normal cyclic 
variation in an alternating current line ; each 3 -phase power circuit 
should also have two points, approximately dividing the total 
length evenly, at which the wires are altered in position 120°, so 
as to give one complete transposition in its length. In long lines 
several complete rotations or transpositions are allowed. It is 
necessary to safeguard the line against accidental contacts with 
the -power circuit, whether due to breakage or to trees, and also to 
safeguard the operators against shocks from the line becoming 
charged inductively. In some cases it has been necessary, in order 
to prevent theft of wire, deliberately to charge the line to high 
pressure at night. 

Although in very long lines the size of the telephone conductor 
becomes important, it is not so within the limits of transmission 
of power. Copper, phosphor bronze, mangan bronze, and silicon 
bronze wires are mostly used, and a wire of 100 lbs. per ml. (say 
InTo. 14 S.W.G.) is large enough electrically; a smaller size would 
be too liable to mechanical damage. For long spans copper wire 
is unsuitable, and these special bronzes have much greater tensile 
strength; but as the alloy and the strength are increased the con- 
ductance is decreased in a much greater proportion {see Table 49, 
§ 331). The weight of a telephone wire may be taken without 
serious error from Table 40, § 280, according to its gauge or 
sectional area, whether it is copper or bronze. The cost of mangan 
bronze was normally about Is 3d. to Is 6d per lb. pre-war, but 
varies with that of copper ; phosphor bronze and silicon bronze 
are about 20 dearer. 

A useful paper on telephone troubles in the tropics was read 
before the Institution of Electrical Engineers by W. L. Preece 
{Jour, I.E.'E., VoL 53, p. 545). Amongst other points specially 
worthy of notice in India are the following: It is not uncommon 
for insects to find their way into a subscriber’s instrument through 
the switch-hook ; this should therefore carry a brass plate which 
keeps the slot in which the arm works entirely covered. There 
should be no terminals above the instrument, but the conductors 
sho-uld be taken through holes into the case and seale d up. Internal 
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wires should he separated as much as possible. Lig’htning pi’o- 
tectors should be fixed where the wires enter the building, and not 
by the instrument ; otherwise a fire may easily result. For the 
overhead line the use of glass insulators of the oil-filled type is 
suggested tentatively, as a protection against insects. As a pro- 
tection from lightning troubles on the line, causing break-downs at 
the pole box, the use of the vacuum t 3 rpe of protector is recom- 
mended, in which two carbon blocks are inserted in an exhausted 
glass tube, the opposite surfaces being serrated and fixed about 
in. apart. A fuse in the circuit in addition is always essential. 
The use of an additional earthed iron wire, on the top of the poles, 
is also recommended (see also § 347). 

336 . Bibliography (see explanatory note, § 58). 
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increases the stress upon the insulation. The value of the current 
flowing in any circuit is determined by Ohm’s Law (§§ 17, 44) 
provided that allowance be made for any back E.M.F. in the circuit 
(e.y. that of a motor or secondary cell), and that the impedance of 
the circuit (instead of its ohmic resistance) be considered in the 
case of alternating current. Thus, excessive current may result 
from the resistance between the supply mains being too low as, 
for example, when a low resistance motor is switched straight on 
to the mains, or when an excessive number of lamps or other 
current-consuming devices are connected in parallel between the 
mains. If the mains themselves or two parts of a winding, etc., at 
different potentials come into metallic contact or are bridged by a 
conductor (such as a spanner) of negligible resistance, the current 
becorqes abnormally high (§ 339) and there is said to be a ' short 
circuit ’ between the points concerned. Short circuit is thus the 
extreme case of excessive current or overloading. In circuits 
where a back E.M.F. is normally operative, the reduction of this 
back E.M.F. is equivalent to a reduction in resistance or impe- 
dance and results in an increase of current. Thus, increasing the 
mechanical load on a motor results in a reduction of back E.M.F. 
(Chapter 28), hence the current flowing from the mains increases, 
and if the load on the motor be excessive, the current will also 
become excessive. 

The principal dangers arising from excessive current are (i) 
overheating of the conductors ; and (ii) the mechanical forces to 
which the latter are subjected. 

Heating Effect . — The heat developed in a current-carrying 
conductor varies with HJR (§ 49) and thus increases with the 
square of the current. The safe temperature limits for insulating 
materials have been discussed in § 80 ; the permissible currents in 
insulated wires for stated temperature are tabulated in § 280; 
and the heating of cables and overhead lines is discussed in §§ 291, 
328. From these paragraphs there may be seen the effects of 
excessive current as regards temperature xise in ordinary circuit- 
conductors. In coiled windings the heating produced, particularly 
at the inner layers, is generally more serious owing to the low 
thermal conductivity and relatively small sectional area of the 
paths available for the dissipation of heat. 

Mechanical Effect . — Every current-carrying conductor estab- 
lishes round itself a magnetic field (§ 32) which, reacting with the 
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magnetic field round a neighbouring current-carrying conductor 
produces a mechanical force between the two — of attraction or 
repulsion, according to the directions of current flow. The left- 
hand diagram in Fig. 55 a, represents the individual fields round 
two parallel conductors (viewed in cross-section) which carry 
current in the same direction. It will be seen that these fields 
are opposed in the space between the conductors and cancel out 
more or less completely. The resultant lines of force are as indi- 
cated in the right-hand diagram (Fig. 55 a\ and tend to draw the 
conductors together. On the other hand, if the currents in the 
conductors are in opposite directions, as in Fig. 55 6 , the resultant 
field between the conductors is more intense than elsewhere, and 


(coy 0 0 ill 




Fig. 55. — Attraction and repulsion between current-carrying. conductors. 


there is a crowding of the magnetic ‘ lines ’ which tends to force 
the conductors apart. The case represented in Fig. 55 h may be 
that of the lead and return of the same circuit, and it will be seen 
that the force between the conductors tends to open out the 
circuit so that it encloses maximum area {see also § 368). 

The mechanical force of attraction (or repulsion) between two 
straight parallel conductors carrying a direct current of 1 amps, 
is given approximately by: jP= 0-45/^ x 10“’^/a; where F = 
force, in lbs. per in. run ; and a « distance between centres of 
conductors, in inches. If the conductors carry alternating current 
the maximum value of the current, for the same efifective value I, 
is ^2 /(§ 30), hence the maximum value of the force between 
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the conductors is: F^y^x, = 0*9 P x 10"^ /(Z lb. per in. run. Also 
the force oscillates between this maximum value and zero with 
twice the frequency of the A.O. supply, and is therefore much 
more likely to produce mechanical damage than is the sustained 
(and lower) force between two conductors carrying D.C. of the 
same effective value. According to L. B. W. Jolley {Electrn., 
Vol. 85, p. 677), the average force between 3-phase bus bars 
mounted in one plane is given by: F = 0* 338 P x 10"' / a lb. 
per in. run where I — R.M.S. amps. ; and a — distance between 
centres of bars, in inches. 

Examples (1) The steady force between two conductors, 3 ins. apart, carrying 
2 000 A direct current, is : = 0*45 P x lO-"^ f ct — 0*45 x (2 000)^ x lO-’^ / 3 = 

0*06 lb. / in. = about f lb. per ft. run. 

(2) The maximum value of the fluctuating force on two bus bars 6 ins. apart 
carrying 25 000 A alternating current (as at the first moment of a short circuit) is : 
JP = 0*9 X (25 000)2 X 10-‘^/6 = 9*37 lb. / in., or 112 lb. / ft. run. 

Under short-circuit conditions the force between current-carry- 
ing bus bars, generator-connecting cables, accumulator-connecting 
strips, etc., may be sufficient to cause deformation of the conductors 
and, possibly, breakage of insulators. The initial value of the 
short-circuit current is much greater than that of the steady or 
sustained short-circuit current (see also §§ 339, 370) and the in- 
stantaneous peak value of the current depends upon the point 
in the E,M.F. wave at which the short circuit occurs (§ 339). 
This instantaneous value of the current determines the maximum 
instantaneous force operative under short-circuit conditions ; the 
formulae in the preceding paragraphs apply only to steady D.C. or 
AO. as the case may be. 

Isolating switches (§ 362) may be opened by the force to 
which the blade is subjected under short-circuit conditions. 
Jolley (loc, cit.) gives formulae for calculating the magnitude of 
this force under stated conditions ; in the case of a switch 12 ins. 
between contacts the torque tending to open the switch when 
carrying 20 000 A ranges from 28 lb. -ft. with a blade 1 in. wide 
to 40| lb. -ft. with a blade ^ in. wide. The total force distributed 
along the blade of a 300 A isolating switch, 10 ins. long, is about 
100 lbs. when the current is 20 000 A, and 600 lbs. at 50 000 A. 
A bolt or latch is generally provided to prevent the switch from 
being opened by these forces. 

In all the above cases it is assumed that the conductors are not 
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)n ; if they be, the magnetic field produced by given current 
tly increased (§41) and the mechanical forces are corre- 
Lgly greater. There is no simple method of determining 
iictance of the path follovred by the leakage flux in such 
)ut the experienced designer can estimate the probable 
n the end connections of generator windings, on transformer 
.c., with sufficient accuracy to enable adequate mechanical 
b to be provided.* The forces developed in such cases 
ihort-circuit conditions are of the order of several tons, hence 
ibstantial clamps are required to- prevent movement of the 
gs which would abrade the insulation, or deformation which 
break the insulation or cause stationary and rotating parts 

ere D.C. generators or rotary converters are concerned 
bility to flashing over on overload (i.e. excessive sparking, 
)ing into flashing between commutator bars and possibly 
n brushes) may impose a lower limit upon the permissible 
an do considerations of heating or mechanical stress. 

. Calculation of Short-circuit Current. — Theoretically it 
aple matter to calculate the current flowing in any case of 
ircuit by applying Ohm’s Law (§§ 17, 44), but, in practice, 
tors concerned are variable and more or less indeterminate, 
simple case of, say, a ‘dead short’ (i.e. a direct connection 
ppreciable resistance) between the conductors of a feeder at 
3 1 ml. from a generator which is connected directly to the 
the current flowing is limited only by the impedance of the 
tor and that of the 2 mis. (lead and return) of cable. If 
ssure drop in the generator and cable with normal full-load 
b I amps, be : jp == {IZ I E) x 100 %, where E = generator 
3, and Z = impedance of generator and cable in ohms, we 
Z = pE 1 100 /, and if this be the only impedance in circuit 
eder short circuited at the far end), the short-circuit current 
Z = 100 1 1 p or (100 Ip) X full-load current. Thus if a 
be ‘ shorted ’ at a point between the generator, and which 
is 5 7o pressure drop on full load, the short-circuit current 
heoretically be 100 / 5 = 20 times the full-load value, 
are, however, several factors to be considered. In the first 
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place, the current so calculated may be greater than the short- 
circuit output of the generator (Chapter 40) which is naturally the 
heaviest current that can flow even with a short circuit at the 
generator terminals. Again, no heavier current can persist than 
corresponds to the maximum output of the prime mover (allowing 
for losses in the generator), though the stored energy of the moving 
parts will momentarily increase the output greatly. So far, it has 
been assumed that the generator voltage is fully maintained on 
short circuit, but this is far from being the case, even though auto- 
matic voltage regulators (§ 147) endeavour to maintain constant 
voltage. Further, it has been assumed that the reactance is known 
and constant, but, actually, it is very diflScult to determine the exact 
value of reactance in a short-circuited system because this varies 
with the position of the fault, with the resistance of the fault 
itself, and with the saturation of all iron-cored windings in the 
circuit. 

In the early days of A.C. engineering it was common to specify 
low internal reactance in alternators for the sake of close voltage 
regulation (§ 146), but it is now usual to provide greater reactance 
in order to limit the short-circuit current, dependance being placed 
upon automatic voltage regulators in order to maintain constant 
voltage under normal variations of load. Even with the higher 
internal reactance now employed, the short-circuit current may be 
15 or 20 times the normal full-load current, but it quickly falls to, 
say, 2, 3 or 4 times full-load current owing to the generator voltage 
being greatly reduced by the reaction of the armature when carry- 
ing heavy current. Under short-circuit conditions the action of 
automatic voltage regulators obviously tends to increase the short- 
circuit current ; to overcome this objection it can be arranged that 
the regulators automatically reduce the generator voltage when the 
main current exceeds a predetermined value. 

It is the maximum instantaneous value of the short-circuit 
current which determines the maximum mechanical stress imposed 
upon windings, etc. (§ 338), and it says much for the construction 
of modern turbo-alternators that they will withstand dead short- 
circuit at full field excitation without mechanical injury. If the 
short-circuit current wave is initially asymmetrical (as it may be 
under the most unfavourable conditions) its amplitude may be about 
1 *8 times that of the initial short»-circuit current under symmetrical 
conditions. An approximate formula for the maximum instan- 
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taneous value of the short-circuit current per phase under the most 
unfavourable (asymmetric) conditions is — 

Imacc. - 1*8 X £? X ^21 Z = 2 55 E I Z; 

■where E = phase voltage ; and Z = impedance per phase, in ohms. 
The duration of this severe current rush is very brief, and after a 
few cycles the current settles to its steady short-circuit value of 2-4 
times full-load current. The actual value of the initial surge is a 
maximum if the short-circuit occurs when the E.M.F. wave is at 
its maximum ; if the short occurs at some lower instantaneous 
value of E.M.F., the short-circuit current increases with the E.M.F. 
and prevents the latter from attaining its normal maximum value. 
The inductance of the path followed by the short-circuit current 
retards the increase of current from the normal to the short-circuit 
value and allows time for the E.M.F. to decrease somewhat. The 
thermal capacity of the conductors in the circuit allows them to 
carry the initial current rush without dangerous rise of tempera- 
ture provided that the circuit be interrupted in a fraction of a 
second ; even this brief delay permits the current to decrease 
(owing to the reduced E.M.F.), and greatly reduces the duty im- 
posed upon the circuit breaker (§ 370). 

340. Limitation of Current ; Protective Reactances. — The 
short-circuit current in any circuit may be reduced by increasing 
the reactance of the circuR, and this may be accomplished by con- 
necting in series with the latter an inductive coil of wire (generally 
called a ' reactance coil ’). The only loss of energy in this coil is 
the EB loss (§ 49) due to its ohmic resistance, plus the losses in 
its iron magnetic circuit (if any). The inductance of the coil re- 
duces the power factor of the circuit (§§ 44, 45, 154), but does not 
involve dissipation of energy. As explained in the preceding 
paragraph, if the reactance causes p °/^ voltage drop when carrying 
the normal full-load current of the circuit, the short-circuit current 
through the reactance — when the latter is connected directly to 
the full supply voltage — is (100 / p) times full-load current. If 
it is desired to limit the maximum current of an alternator to 
5 times full-load value, the total reactance (measured in terms of 
the percentage voltage drop which it produces with full-load 
current) must be p = 100 / 5 = 20 7o> ^.nd if the alternator has 
8 7o 3:eactance (as above defined), the external reactance required 
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Reactances generally consist of large-section strip copper (or 
insulated cable) the ohmic resistance of which is so low as to cause 
negligible loss of energy. In air-core reactances the turns are 
separated and supported by porcelain, bricks, or concrete to secure 
insulation and to prevent deformation by mechanical forces on 
short- circuit (§ 338). Iron-clad reactances (with iron magnetic 
circuits) are much smaller than air-core reactances for equal in- 
ductance, and they have the further advantage of being free from 
stray fields (which may affect instruments or induce eddy currents 
in steelwork near air-core reactances). On the other hand, iron 
magnetic circuits become saturated at much less than short-circuit 
current (unless the section of iron is very large), notwithstanding 
the use of air gaps in the circuit to increase the reluctance (§ 43); 
as a result the volt-ampere characteristic of iron-clad reactances is 
not linear whereas that of an air-core reactance is linear at all 
currents. 

Generator reactances of from 10-20 % voltage drop 

rating defined above) are commonly used in series with alternators 
to limit the magnitude of the short-circuit current. Bus-bar re- 
actances, of from 25-50 connected between the sections of 

sub-divided bus bars so that, in the event of a ‘ short ’ on one 
length of bus bar the current which can flow to the fault from the 
other sections is limited ; these reactances are traversed only by 
current flowing from bar to bar and not by the current delivered 
by one or several generators to a set of bars and flowing thence 
to feeders. Feeder reactances, connected in series with individual 
feeders, are of about 5 (limiting the maximum current to 
20 times full-load current), this relatively low reactance being 
adopted in order to reduce the voltage drop and the lowering of 
power factor. 

Reactances cannot be used to reduce the maximum current to 
a non-injurious value; they simply reduce the peak value of the 
current thus reducing mechanical stresses (§ 338) and the power 
to be interrupted (§ 370). The actual interruption of the circuit 
pending the removal of the fault is effected by fuses (§ 342) or 
circuit breakers (§ 343). 

The reactance ^irfL of a coil (§ 44) varies with the product of 
frequency by inductance ; the considerable reactance required in 
current-limiting reactances involves high inductance L, the fre- 
quency / of commercial supply being low. On the other hand, 





Geiieml Electric Co. , Ltd. [London). 

PnOTEGTIYE JBeaCTANCE CoILS UNDEE CONSTRL’CnON. 

^ These coils are designed to give 5 7^ reactance on a 11 000 V, 1 000 A, feeder 
circuit. The simplicity and strength of the construction are shown clearly- The 
stranded copper conductor is laid in the grooves of the moulded concrete arms, and 
the completed coil is practically indestructible. 


British Thomson-Houstan Co., Ltd. 

TniPXE-PoLB iNSrANTANJEOUS ReeAY. 

I This type of relay can be used for overload and for leakage protection. A moving- 

> contact ccurried on a spring-actuated drum is nomially held ‘ off ’ by a catch, which is 

I tripped by the plungers being pulled up by the solenoids on a predetermined cun*ent 

being exceeded. The moving contact bridges fixed sjpring contacts in its ‘ on ’ and 
‘off ’ positions and may thus be used to break or make circuit, or for both purposes. 
It can. be made to control two indepeudent circuits. Current adjustment is by raisiug 
or lowering the plungers, and the movement of the drum is independent of the pull 
on the plungers. Delayed action can be obtained hy shunting the trip coils witli 
time-limit fuses. 

[jPo face I). 4:1 S. 
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Definite Time-Limit Relay. 


The equipment comprises three overload coils, and a time-element device, circuit- 
closinc^ mechanism, and operating trip coil. When any one of the overload coils 
operates, the time element trip coil is energised, and the circuit closing inechanism 
commences to overcome the retarding effect of the time element. After a predeternnnea 
time, which is adjustable within wide limits, the secondary tripping circuit is closed. 
If required, one of the overload coils can be replaced by a sensitive coil, and the relay 
arranged to operate instantaneously on a small lealcage fault whilst retaining the time 
limit characteristic for overloads. 


BritisJi Ou., Ltd. 


ErcretL Edgcivnihe (& Co.^ Ltd. 


TniPLE-PoLE Inbuction-Type Overload Relay with Inverse Time Lag. 

The movements are similar to those of the induction ammeter (Plate p. 114). The 
current and time settings are independently adjustable— the current by the position 
of the weight on the horizontal graduated beam, and the time by regulating the 
travel of that beam over a vertical scale. The contacts are of carbon and are seen 
at the bottom of the instrument. The time-cuiTent curves of all these relays are 
identical so that perfect discriminative protection is obtained. 

[To face 479. 
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a very small inductance has a reactance high enough to obstruct 
the flow of high-frequency surges due to lightning, etc. (§§ 45 , 346). 

341 . Interruption of Excessive Current. — The effects of 
excessive current may be utilised to obtain protection by making 
part of the circuit more sensitive than the rest to these efiects, 
and arranging that the effects open the circuit (i.e. interrupt the 
current) at the selected point. Thus the heating eflect of the 
current may melt a ‘ fuse ’ when the current exceeds a predeter- 
mined value ; or the electromagnetic force developed by a solenoid 
may operate a mechanism which opens a switch in the circuit, 
either instantaneously or in accordance with a predetermined time 
element (§ 344). 

342 . Fusible Cut-outs ; Fuses. — Fusible cut-outs, in which 
a fine and easily fusible wire or ‘ fuse ’ is connected in series with 
the circuit wires, are used in all domestic branch circuits and 
house services (Chapter 22 ). They are also used in industrial 
circuits, particularly for pressures up to 600 V and for (normal) 
currents up to 600 A ; the cost of renewing heavy current fuses is 
a consideration and the rating of fuses (ie. the current at which 
they melt) is less definite than that of switch-type circuit-breakers, 
hence the latter are generally employed in important circuits 
where an attendant is available to re-close the switch. 

Tin or an alloy of low melting-point is generally used for 
fuses up to, say, 200 A normal current. The specific resistance of 
such metals is relatively high, hence the cross-sectional area re- 
quired is much larger than that of copper fuses of the same rating. 
Copper fuses, for all but the heaviest currents, are inconveniently 
fine; they are easily damaged mechanically and by corrosion, 
with the result that they melt at less than the intended current. 
Whereas tin and similar fuses are not corroded seriously because 
their melting-point is low, copper fuses may often be at or near 
red-heat for considerable periods with the result that they are 
gradually oxidised. 

The so-called ‘ Bimetal ’ fuse wire has important advantages. 
This consists of a copper wire, which would be fused at once by 
the current in the circuit it is designed to protect, sheathed with 
lead ; the lead greatly increases the radiating surface, thus assisting 
in the rapid dissipation of the heat developed, and, having a greater 
cross-section than the copper, also carries some proportion of the 
current, despite its low conductance. Should the current rise 
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above normal the lead first melts off, and the fine copper wire 
(having to cany the whole current) then necessarily follows suit 
and breaks the circuit instantly. A fuse of this nature can carry 
some 80 7o fusing current without danger of melting, 

whereas a copper fuse, under the like conditions, would be red- 
hot. The smallest size of bimetal fuse wire at present available 
carries about 6 A, so that for the smallest circuits a single strand 
of very fine copper or tin wire is generally used. 

Table 51 shows the approximate fusing current of various 
sizes of copper, tin, and lead-tin (2Pb:lSn) alloy wires, tlie 
values given being calculated from Preece’s formula ; / = d? ; 
where I = fusing current, in amperes ; d == diameter of wire, in 
inches ; and a = 10 244 for copper ; 1 642 for tin ; and 1 318 
for the lead-tin alloy. These figures are only approximations, as 
the length of the fuse, its direction (vertical or horizontal), the 
nature of the terminals holding it, the method of carrying it — 
whether in free air, on a porcelain bridge, or enclosed in a tube or 
cartridge — all affect the result. Enclosure in a tube filled with 
powder or submersion in oil (§ 375) naturally affect the rating of 
the fuse very materially by changing the facilities for the removal 
of heat. Table 51, is, however, a useful guide to suitable dimen- 
sions for well- ventilated fuses in air ; if the fuse be mounted in a 
small asbestos tube, it may melt at half the current stated in 
the table. The resistance of a fuse causes a loss of pressure of 
from 0T-0*5 V or more. 

No matter how carefully an installation is fitted with fuses at 
first, there is always a danger that the occupier, after a fuse has 
melted or 'blown,’ will replace it by a larger one in order to save 
trouble. By the use of standard non-interchangeable cartridge or 
screw-plug fuses, or by marking each fuse carrier with the current 
it is intended to carry and putting spare fuses alongside, something 
can be done to prevent this : but it is not unusual to find a piece 
of comparatively heavy ii*on or copper wire inserted where tin 
wire had been used originally. The protective value of the fuse 
is then illusory. 

A certain amount of heat is required to raise a fuse wire to the 
melting-point, the amount being greater the heavier the fuse, the 
higher its specific heat, and the higher the melting-point. The 
rate at which heat is developed in the wire varies with PB, hence 
twice the current will bring the fuse to the melting-point in 
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Oonstructional details of fuses are described in § 375 ; and the 
installation of fuses is discussed in Chapter 22 . 

34 . 3 . Circuit-breakers. — Any type of switch which is capable 
of interrupting safely (without sustained arcing or undue damage 
to contacts) the short-circuit current of a circuit may be termed a 
' circuit-breaker ' (§§ 365, 367). Such a switch is always arranged 
so that it can he operated by hand (either directly or by remote 
control, § 372) at the volition of the attendant, but it is also 
arranged so that it can be opened automatically by the action of 
a relay (§ 124) and trip coil. The switch is closed (by hand, 
electromagnetically, or otherwise) against the action of a powerful 
spring which tends to open the switch and is only prevented from 
doing so by a latch or trigger. This latch, when withdrawn by 
the movement of the plunger or core of a ‘ trip coil,’ allows the 
switch to open instantaneously. The excitation of the trip coil 
solenoid may be effected by the main current, the coil then being 
connected in series with the switch, or it may be effected by 
current drawn from a storage battery or auxiliary D.C. bus bars 
in a local circuit which is closed by a relay. If the circuit- 
breaker is fitted with a series-connected trip coil it can be arranged 
that the tripping plunger is raised at any desired value of the 
current thus providing the circuit-breaker with automatic overload 
protection. Alternatively, if the trip coil be connected in shunt, 
across the supply leads, it can be arranged that so long as the 
supply voltage exceeds, say, 50 of the normal value the latch of 
the switch remains closed, but directly the voltage falls below the 
predetermined minimum the latch is released (by the action of 
the trip coil) and the switch is opened; the switch has then 
automatic protection against low voltage, or a ' no- volt release.’ 

There would be obvious mechanical difficulties in arranging 
several trip coils (excited by different electrical connections) to 
operate a single release latch, but the same end can easily be 
attained electrically, by the use of relays. A relay consists 
essentially of an electromagnet the armature of which, when 
attracted to or released by the core of the magnet, closes an 
auxiliary electric circuit. Just as an electric bell can be rxmg by 
pressing any one of a number of ‘pushes,’ so can the trip coil 
circuit of a circuit-breaker be excited by the action of any one of 
a number of relays (see Fig. 59). If the respective relays be ar- 
ranged to operate on overload, low- voltage, reverse power, etc., a 
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single circuit-breaker protects the circuit against all the con- 
tingencies covered by the relays. The relays are the controlling 
elements of the protection, and the protection which they afford 
is the automatic opening of the main circuit in the event of pre- 
determined conditions arising. 

Circuit-breakers can intemipt much greater power than fuses 
(§ d71), and they isolate the circuit completely, the switches in 
both poles or all the phases of the supply being coupled mechanic- 
ally and opened simultaneously. Whereas a fuse provides only 
overload protection, a circuit-breaker and its relays can afford 
protection against all contingencies. Also, the setting of the 
various relays can be adjusted easily and accurately over a wide 
range. 

The constructional features of circuit-breakers, trip coils, and 



Fig. 56. — Instantaneous overload relay Fig. 57. — Overload relay with current 
and trip coil. transformer, and trip coil with fuse 

time element. 

tripping mechanism are discussed in §§ 368, 372. Various types 
of relays are described in §§ 344, 355, 358, 359. 

344. Overload Relays; Time Element. — The principle of 
the simplest type of overload relay is illustrated diagrammatically 
in Fig. 56. The relay coil B is in series with the circuit to be 
protected and, when the current therein exceeds a predetermined 
value, the plunger P is raised, short circuiting the contacts ab and 
closing the local circuit containing a battery B and trip coil T. 
The coil T being excited, its core trips the switch S and opens the 
main circuit. The coil B in the main circuit could be used as the 
actual tripping coil and is often so used in low or medium voltage, 
moderate current circuits where neither the size of the conductor 
i 483 
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nor the insulation required makes it difficult to wind a suitable 
coil. For heavier current and/or higher voltage, the coil B is 
supplied from a current transformer (§ 108), as in Fig. 57, and the 
advantage of having a separate trip coil is that the relay can be 
delicate and sensitive whilst considerable power can be used to 
operate the trip coil ; also, the latter can be actuated by any one 
of several relays (Fig. 59). 

The overload relay on D.C. motor starters operates on the 
principle illustrated in Fig. 56, except that the contacts d, h aie 
generally connected in parallel with the ‘ no- volt or * hold-on 
coil instead of to a special tripping coil ; then, when a, h are short- 
circuited by P, the hold-on coil loses its excitation and the starter 
handle is pulled to the ‘ off’ position by a powerful spring. 

In D.C. or single-phase AC. circuits a single overload relay 
controlling a double-pole circuit breaker is sufficient, but in 3-phase 
AO. circuits overload coils must be provided in two phases if the 
neutral is insulated and in all three phases if the neutral is earthed 
(§ 354) ; the circuit will then be opened no matter in which phase 
the excessive current flows. 

The setting of overload relays can be varied so that the relay 
operates at any desired current between, say, normal full-load 
current and three times the latter. 

The relay illustrated in Fig. 56 would cause the switch S to be 
opened directly the current exceeded a predetermined value and 
might thus involve unnecessary interruptions of working, for in 
many ca^es a momentary surge of current, far exceeding the per- 
missible steady current, would not injure the circuit or apparatus. 
To allow for this, the relay may be furnished with a ' time 
element ’ which prevents the main switch from being tripped until 
the excessive current has been maintained for a predetermined 
time. 

The time element may introduce a definite delay (say from 1-3 
seca) in the tripping, or the delay may be varied inversely with 
the main current (‘inverse time element ’). 

Instantaneous Belays are used in various protective systems 
(§ 359) to cause the main circuit to be opened directly some 
critical condition arises {e.g, lack of balance) which Is a definite 
indication of a fault on the circuit protected. 

Definite Time-limit Belays are used in a graded series on 
successive circuit breakers to prevent the whole length of a 
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feeder being shut down simultaneously. Thus, Fig. 58 repre- 
sents a series of circuit breakers with overload relays JR used 
On a feeder between a generating station G and substations 
If the relays Bi be given a deWte time element of 1 sec. ; 
JR 2 ^ 2 secs. ; and Eg, 3 secs., the relays will operate progressively 
tVom the far end of the feeder towards the station until the fault 
Or overload is thus switched out. The object is to maintain supply 
those sections which are nearer the generating station than the 
faulty section. To allow for the fact that a fault at X (which 



Fxo. 58. —Overload relays with graded definite time limits. 


Would be heavier than a corresponding fault in the more remote 
Sections, § 339) is protected only by a relay with long time 
element, the relays may be arranged to operate with fixed time 
element up to a certain overload, and instantaneously at heavier 
overloads. 

One method of arranging for a definite time element is indi- 
cated in Fig. 59. The trip coil A is connected, in series with a 
battery jB, to bus bars G across which are connected the various 
^relays, any one of which may bring about the opening of the main 



Fig. 59. — ^Various types of relays applied to trip coil. 


3 witch. Thus, at a there is an instantaneous or inverse time 
element relay ; and at 5, c there is a definite time element com- 
l>ination, the instantaneous relay h (excited from the A.C. circuit 
•fco he protected) closing the circuit of the tripping relay c ; until 
o closes, the current flowing through A is insufiicient to operate 
tib-e tripping mechanism. The definite delay in operation of the 
la^hter is determined by a pendulum and clockwork device, by the 
of mercury through a small orifice, or by other equivalent 
330. cans. 
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Inverse Time Element Belays. — One method of securing a de- 
lay in action which decreases with the magnitude of the overload is 
to lit the plunger of an instantaneous relay (Fig. 56) witli a dash- 
pot ; the timing of oil dashpots is, however, affected appreciably by 
temperature changes, which alter the viscosity of the oil. An- 
other method is to use, instead of a solenoid and plunger, a 
small induction motor which winds up a cord carrying the 
contact-maker. The current at which the motor starts is varied 
by changing the weight on the cord, and the speed of the motor 
varies with the main current; hence the relay operates sooner 
the heavier the current Yet another method is illustrated in 
Fig. 57. In this case, the relay B opens the contacts ah directly 
the main cmi*ent exceeds a predetermined value. Current then 
flows through the fuse F and the trip coil T in parallel ; mostly 
through F because of its lower resistance. After a time, which 
is shorter the heavier the current, the fuse F melts, and the whole 
current then passes through T and trips the switch. The weak- 
ness of this method is that the fuse F gradually deteriorates ( § 342) 
and may then cause the main switch to be opened unnecessarily. 

Fixed or inverse time, element relays are re-set automatically 
if the overload is removed before tripping occurs. 

The setting of any type of relay is expressed as a percentage 
of the full-load conditions in the main circuit protected ; if the 
relay is used with current or voltage transformers, the stated 
setting refers to the main circuit current or voltage. 

(For reverse-power relays, see § 358.) 

345. Cause and Effect of Excessive Pressure. — The whole 
or a part of an electric circuit maybe subjected to abnormally high 
pressure (i) by a direct flash of lightning or by electrostatic in- 
duction from charged clouds (§ 346); (ii) by the sudden inter- 
ruption of a highly inductive part of the circuit (§ 349) ; (hi) by 
sudden direct application of the normal voltage (§ 349); (iv) by 
resonance (§ 350) ; or (v) by the peculiar and unstable character- 
istics of arcs and sparks, particularly ‘ arcing grounds’ (§ 351). 
Whatever its cause, the possible eflfects of excessive pressure are 
break-down of insulation and consequent danger to life and 
material (§ 352). Abnormal pressure would invariably lead to 
break-down were it not for the following facts : {a) The insulation 
of all properly designed circuits and apparatus is capable of with- 
standing a pressure much higher than the normal pressure 
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(Chapter 40), and in the case of extra high voltage systems the 
insulation is capable of withstanding indefinitely many of the 
pressure surges occurring in service. ( 6 ) A definite and consider- 
able amount of energy is required to break down insulation so that 
if an abnormal pressure can be removed quickly enough the in- 
sulation will remain uninjured, though it would be broken down 
if the pressure were applied for a longer period (§ 72). (c) In 

many instances the abnormal voltage has a very high frequency 
of oscillation and will therefore take a path of high ohmic re- 
sistance (e.g. an air gap) in preference to the normal circuit which 
offers enormous impedance to the high-frequency current (§ 135 

(in ^ 

If the cause of abnormal voltage cannot be avoided, the cir- 
cuit must be safeguarded either by providing a suitable path of 
discharge for the excessive pressure, or by reinforcing the insula- 
tion of the circuit at the danger points, or by a combination of 
these methods. 

346. Lightning Arresters. — The voltage of lightning may 
be inconceivably great, and a direct stroke will almost inevitably 
flash over the insulators and destroy the line at that point. 
Induced surges caused by lightning may, however, keep to the 
line, and attect apparatus in the power station or substation, or 
spark across an insulator and put the line to earth. Such surges, 
and some due to causes within the circuit itself, are of variable 
but always very high frequency, and will therefore take the least 
inductive, but not necessarily the best conducting, path to earth. 
Lightning arresters are designed to take advantage of this fact, 
and frequently consist of a spark gap, in one form or another, 
which the ordinary line voltage cannot break down, together with 
a carbon or other resistance in series. Should a high-pressure 
discharge cause an arc to strike across the gap, the line current 
will follow, but the series resistance limits the current and the 
arc dies down or is automatically extinguished, magnetically or 
otherwise. In order to ensure the discharge taking its allotted path, 
an inductive coil or ' kicking coil ’ (§ 45) is generally connected in 
series with the line itself on the station side of the arrester ; the 
oscillating discharge is thereby forced to follow the alternative 
path. In some places in South Africa iron inductance coils have 
been used instead of the more usual copper coils, and have been 
found more eflfective. 
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Comb Arresters . — One end of a non-inductive resistance is connected to the 
line to be protected and the other end is connected to a ‘ comb ’ or serrated strip 
of metal, the teeth of which are set a short distance from those of a second comb. 
The latter is connected to earth. Lightning or other voltage surge breaks down 
the air gap between the combs, but a ‘ power discharge ’ (i.e. continued flow of 
current at the normal line voltage) is prevented by the high resistance in series 
with the gap. This type of arrester is suitable for line pressures up to 100 V 
direct current or 400 V alternating current. 

Earn Arresters . — The general arrangement of a horn-type arrester is shown 
at {a) Fig. 60. The horns may be of copper or galvanised iron about J in. diam., 
and they are connected between line and earth in series with a high non-inductive 
resistance. High-frequency surges find it easier to break down the air gap and 
flow through .the resistance B than to pass through the impedance of inductive 
apparatus in the generating station G. In order to oppose, such an impedance to 
the high-frequency discharge outside the station coils L (of low reactance to low 
frequency current) are connected in the line on the station side of the arrester. 



(Actually there would be only one arrester per phase, and the arresters on the three 
phases would be of the same type. ) 

When the gap between the horns is broken down by lightning the line 
current tends to establish an arc, but the magnitude of the line current is limited 
by the series resistance, and the arc runs up the horns until it breaks from ex- 
treme length. A useful setting is stated to be 1 mm. per 1000 V plus 1 mm. to 
prevent constant discharge. 

The resistance B maybe that of a water column in an insulating tube through 
the closed top of which is brought the connection from the horn arrester. When 
a discharge occurs some of the water is converted to steam and the remaipder is 
driven down the tube into a surrounding tank. An arc is struck between the top 
electrode and the column of water, but as the latter continues to descend the 
discharge is soon interrupted. The steam then condenses and the arrester is re-set 
by the return of water from the outer tank. 

The horn gap arrester is capable of dealing with heavy surges, but it can only 
operate on over-voltage and is useless on a low-voltage, high-frequency surge ; if 
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the gap be set to protect the line against high frequency surges at a pressure only 
slightly exceeding the line voltage, dust, steam, insects, etc., may cause un- 
necessary break-downs. Horn-type arresters are used for line pressures up to 
15 000 Y (D.O. or A.O.), and for the protection of trolley wires (at 400-650 Y, D.C.) 
two horn gaps may be used in series one being provided with a magnetic blow-out 
coil (§ 365) connected across a non-inductive resistance which is shunted across the 
second arrester ; the magnetic blow-out comes into action in the event of sustained 
flow of D.O. across the gaps. 

Imimlse Protective Gaps. — In order to obtain protection against pressure 
surges of steep, wave front (§ 349) without adopting an unduly small air gap 
(which would introduce risk of break-down at normal voltage), the ordinary horn- 
gap arrester may be provided with an intermediate electrode between which and 
the two horns there are connected impedances of different characteristics. It is 
arranged that, at line frequency, the impedances are proportional to the break- 
down voltages of the parts of the total gap across which they are shunted. At 
high frequency, however, the impedance of one of these shunts is much greater 
than that of the other ; most of the high-frequency voltage is therefore imposed 
between the auxiliary electrode and one of the horns, with the result that this gap 
breaks down ; the whole of the high-frequency voltage then comes upon the other 
gap which also breaks down. In effect there are two gaps in series, their total 
length being available as insulation against the line voltage, whereas practically 
the whole of a high-frequency voltage is placed immediately across a fraction of 
the total gap. 

Multiple Gap Arresters consist of a series of cylinders, or truncated cones, 
with a short gap between each pair, the terminal elements connected to line and 
earth respectively (Fig. 60 6); sometimes the cylinders are connected in series 
with a high resistance, and in other cases some of the gaps are shunted by a 
resistance. The arc is broken either by the cooling effect of the metal or by the 
use of certain non-arcing metals — zinc, antimony, and bismuth. The number 
of gaps is generally about E / 800, where E = normal voltage between line and 
earth. 

Water-jet Arrester. — In the jet arrester the line is connected straight to earth 
through a fine jet of water, the resistance of which is so high that the normal 
leakage is very small ; the jet arrester provides a permanent leak to earth for high- 
frequency surges, irrespective of voltage ; it is particularly useful for dispelling 
slowly accumulating static charges. In the case of low-tension D.O. installations 
a tank is substituted, and conducting plates within it are adjusted to allow a small 
continuous leakage from pole to pole, through the water, whenever there is 
a likelihood of lightning troubles. This type of arrester can only be used 
where there is a constant supply of water and no danger of freezing. Electrode- 
type electrically heated steam boilers (Chapter 26) afford excellent protection 
against over-voltage (the lines being earthed through the relatively low resistance 
of the water in the boiler), but these boilers are generally only in service during 
hours when there is surplus hydro-electric power available. 

Electrolytic Lightning Arrester. — Sheet aluminium trays of V'^^-section 
(Fig. 60 c) are mounted one above the other with porcelain insulators between the 
rims of consecutive trays. The trough of each tray is filled with electrolyte 
similar to that used in electrolytic rectifiers, and the whole stack is placed in a 
steel tank which is then filled with insulating oil. The bottom tray is connected 
to earth and the top tray is connected to line. A film of aluminium hydroxide is 
formed upon the trays by electrolytic action, and the number of trays used is such 
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that the total resistance of the films is sufficient to withstand, say, 50 7^ higher 
than line voltage. Excess voltage (above about 350 V per cell) breaks down the 
films of hydroxide, but the latter reform directly the excess voltage has been dis- 
sipated and thus prevent the maintenance of a power discharge. 

The stack of trays constitutes a condenser and — in order that there may not he 
a continual capacity current, and in order to prevent disintegration from continual 
leakage — it is necessary to use a horn gap in series with the arrester. Since the 
film on the trays gradually dissolves in the electrolyte it is necessary to re-charge 
the cell by short-circuiting the horn gap (through a suitable resistance) for a few 
seconds once a day ; this is an inconvenience. 

Oxide Film Arrester . — This arrester depends upon the fact that lead peroxide 
is a relatively good conductor whereas litharge (into which the peroxide is con- 
verted by heat) is an insulator. Capsules about 7 ins. dia. x J in. deep, consist- 
ing of metal discs fixed to a porcelain insulating and spacing ring, are filled with 
lead peroxide and stacked one above the other, the stack being connected in series 
with a horn gap arrester as in Fig. 60 d. The inside of the metal discs of the 
capsules is coated with insulating varnish, but when the voltage per capsule exceeds, 
say, 400 V the varnish is punctured and a discharge flows to earth. The heat 
developed (by PR) loss in the lead peroxide between the points of puncture converts 
the peroxide to litharge and thus seals the puncture and re-sets the arrester. The 
capsules generally remain in service for some years before the varnish films become 
covered with re-sealed punctures; when this stage is reached new capsules are 
required. 

On 3-phase lines it is necessary to remember that if the 
arresters on all phases are connected to a common earth, and if 
there is insuflSicient damping resistance in circuit with each, the 
lines may be practically short circuited. With horn arresters this 
is not aiFuncommon mistake, and the arresters are blamed for the 
consequent trouble. 

Moscicki condensers * are sometimes used to absorb high-fre- 
quency surges of any voltage ; they will take care of rapid surges, 
have no permanent leak to earth, and can be installed where water 
is not available for jets. They are generally used in combin- 
ation with Giles valves. Mechanically, they are rather fragile. 
They have been installed in various stations in Rhodesia and are 
fully considered in a paper by Wragg {Trans. 8. African I.E.E. 


* In these condensers a glass tube closed at one end is coated inside with silver 
(deposited chemically) ; the outer coating may be a similar layer of silver or the 
tube may be immersed in a conducting solution of glycerine and water contained 
in an outer vessel. By the use of a suitable thickness of glass and by avoiding 
sharp corners therein the condensers can be made to withstand high voltages. A 
Moscicki condenser described by W. M. Mordey {Jour. I.E.E.., Vol. 43, p. 621) 
consisted of eight tubes each 2 ins. dia. x 2 ft. 9 ins. long (3 ft. 2 ins. with connec- 
tions) ; the condenser was intended for A.C. working at 10 000 V. and had a total 
capacity of 0*03 flF. 
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June, 1915). The use of condensers may mcrea.se the dangers 
arising from arcing grounds (§ 351). 

Vhereas a choking coil or inductance retards the growth of 
current and causes the applied E.M.F. to ‘‘pile up'’ on the end 
turns of the inductance to which it is applied (§ 349 ), a condenser 
has the opposite effect and tends to flatten the wave-front of the 
applied E.M.F. A system of protection which utilises these two 
phenomena and is applicable to English conditions consists in con- 
necting a choke coil and a length of lead-sheathed cable in series 
between an overhead line and the generator or other apparatus in 
the power station or sub-station. The sheathing of the cable is 
connected to earth and so is the neutral point of the generator or 
other apparatus to be protected. The leading-in cable from each 
line may thus be regarded as a condenser connected in parallel with 
the corresponding phase of the generator, etc. The choking coil 
delays the increase of the current set up by the lightning or surge 
E.M.F. and this current charges the condenser {i.e. the cable) to 
a moderate voltage, much lower than that of the surge. The 
choking coil is sometimes omitted, reliance then being placed 
entirely upon the protective condenser-action of the cable. 
In either case the abnormal voltage on the line is dissipated 
partly by the ohmic loss experienced in surging to and fro 
on the line, and partly by flowing to earth through the cable- 
condenser. 

347 - Earth Wires. — A continuous steel earth-wire (often 
barbed) is generally run along the top of the poles of a transmis- 
sion line, and serves to protect the conductors to some extent from 
lightning, by maintaining a zone at earth potential and by acting as 
a lightning conductor (§ 348). If underground cables are used to 
carry aerial lines across a street, as is sometimes the case, the over- 
head earth -wire should be brought down also, and wound on to the 
cable sheathing ; and earth plates should be provided at each side 
of the crossing. The wire should in any case be earthed at every 
second or third pole if possible. Where no good natural earth can 
be found iu which to bury the coil of earth-wire, an iron pipe is 
driven into the ground and either coke or salt filled in ; it should 
be placed where rain will run in. The earth connection for all 
types of protective devices should be as short as possible to be 
effective, and especially for condensers. On a wood-jDole line the 
use of an earth wire increases the risk of short circuiting hy birds. 
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The Electricity Commissioners’ Regulations concerning earth-wires 
are mentioned in § 324 . 

348. Lightning Conductors.— In order to secure absolute 
protection of buildings from lightning ^ a complete network of 
wires, connected with earth at many points, would be made to 
cover the whole structure ; this is indeed practically done in the 
case of magazines. Ordinarily one or more lightning conductors 
are used, according to the size of the building, and the nearer the 
arrangement corresponds to a complete screen the better will the 
protection be. Iron or steel wire or stranded rope is considered to 
be more effective than copper, and is also less liable to be cut away 
and sold. 

A conductor should run as directly as possible from its highest point to earth, 
not following the contour of the building but bridging over all projections. It 
should be so supported that there is no risk of its fracture by subsidence of the 
structure. As far as possible it should be run where it will not be within striking 
distance of metals on the inside of the walls, such as gas or water pipes or electric 
wiring, as there is always a danger of a discharge flashing over ; insulators should 
not, however, be used as supports. It is good practice to connect together all the 
separate conductors on a building by horizontal ring conductors both on the roof 
and near the ground, and also to connect them electrically to any outside metal 
work, such as rain pipes, iron or lead roofing, ventilating pipes, and the like. There 
cannot be too many multiple vertical points or aigrettes ; apart from the main 
vertical rods, short ones should be joined to the upper horizontal conductor at 
frequent intervals, and especially at all points above the general level. Lightning 
conductors sometimes terminate in a large corkscrew-like aigrette, of several spirals, 
apparently to improve their appearance ; this acts as a powerful choking coil, and 
is probably worse than having no conductor at all, as a high-frequency discharge 
will almost certainly choose another path. 

Joints in the conductor should be made both mechanically and 
by soldering, and the conductors should preferably be painted, 
even if already galvanised. For iron or steel conductors the best 
earth plate is a perforated pipe of the same metal, containing the 
end of the conductor packed round with granulated carbon, and 
placed where rain off the roof will keep it moist. Modern copper 
earth plates are often made of No. 16 gauge sheet metal with a 
number of triangular tongues or projections stamped out from 
the solid to form points from which the discharge may take place 
more readily. It is convenient to have disconnecting links ar- 
ranged so that the resistance from one earth plate to another 


* A very instructive address on this subject by A. Hands, is reported in Elec- 
tricity, Vol. 30, pp. 126, 185, 191. 
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can be readily measured through the intervening ground. This 
varies enormously in different localities, but a comparatively high 
resistance is immaterial in a place where a really good natural 
earth can nowhere be found. Owing to electrolytic action be- 
tween the earth plates and moist ground, D.O. tests of earth- 
plate resistance are somewhat inaccurate, though, by reversing 
direction after each test, results near enough are obtained ; there 
are, however, methods of and apparatus for testing, using 
interrupted or alternating currents. The customary method of 
ascertaining the resistance x of an earth is by means of two other 
auxiliary or independent earths y and z. By means of the 
Wheatstone bridge (§ 120), readings (both direct and reversed) 
are taken of each pair in turn, deducting the resistance of the 
leads and recording the average value of each pair in ohms. 
Then ii (x + y) p ; (a; + ^) = g ; and (?/ 4- ^) = r, it follows 
that X - (p q - r) I 2. 

349. Switching Surges. — Abnormal stress may be placed 
upon the insulation of a circuit either when ‘ switching on ' or 
when ‘ switching ofi.’ On switching a transformer into circuit 
the voltage may rise to about twice its normal value unless it 
happens that the switch is closed at the instant when the voltage 
is a maximum and the magnetising current (lagging 90°) is there- 
fore zero for the moment. If the switch be closed very slowly a 
flash-over will ultimately occur at the moment of maximum 
voltage; this avoids the voltage surge otherwise set up but it 
damages the switch contacts. In this and other cases the 
pressure surge on switching-in may be reduced by closing the 
circuit through a high resistance which is connected between 
charging contacts (§ 368) and the main switch contacts. 

Apart from the possibly excessive value of the pressure surge 
when switching-in, there is a tempox'ary concentration of stress 
on the end turns of inductive windings. At the moment of 
switching - on practically the whole applied pressure is con- 
centrated on the end turns, the building-up of the current being 
delayed by the inductance of the winding. The steeper the wave- 
front of the applied pressure the more severe is this concentration 
of stress, and the only way to avoid break-down is to reinforce 
the insulation on the turns concerned or, alternatively, to connect 
a suitably insulated reactance in series with the winding. This 
reinforcement of insulation is required at both ends of a delta. 
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^winding, and at every tapping point if the tappings be at the line 
end of the winding. 

On switching off or otherwise interrupting the circuit of an 
inductive winding {e.g. a motor field winding by returning the 
starter to ‘ off ’) there is a sudden collapse of the magnetic field 
which, in collapsing, induces an E.M.F. in the winding. This 
E.M.F. is higher, the greater the initial magnitude of the field and 
the more rapid its collapse. To protect the switchgear from the 
vicious arcing, and the insulation from the severe strain which 
otherwise arises, the inductive winding should be switched in 
parallel with a non-inductive resistance a moment before it is 
disconnected from the main circuit ; there is thus provided a 
circuit in which the energj" stored in the magnetic field ( § 57 ) 
may be dissipated harmlessly. 

The violent fluctuations of load in electric arc furnaces, includ- 
ing frequent interruptions of circuit during the earlj?’ stages of 
melting, impose severe stresses on the end turns of the transformers 
supplying the furnaces. 

350. Resonance. — As explained in § 47 a circuit containing 
inductance and capacity in series may be in resonance, in which 
case the voltage across the inductance and across the capacity may 
be indefinitely high, however low the applied voltage. The 
resonant voltage is only limited by the ohmic resistance of the 
circuit, and may easily be high enough to break down the insula- 
tion of the circuit. The relation between inductance and capacity 
required to establish resonance varies with the frequency of the 
current (§47) and there is therefore especial danger of resonance : 
(i) If an excited alternator be run up to speed (or a motor or con- 
verter be allowed to slow down) whilst connected to a circuit, 
because the current then passes through all values of frequency 
below the normal value, (ii) If the pressure wave be not a pure 
sine wave, because resonance may then occur at the frequency of 
some of its harmonics, (iii) If the circuit be subjected to an 
earthing ground (§ 351), because the irregular currents then flow- 
ing contain many harmonics . 

Since the amplitude of resonance decreases as the ohmic 
resistance increases, the temporary addition of resistance is a useful 
precaution where there is risk of resonance. The useful employ- 
ment of resonance in half-wave and quarter- wave, ti^ansmission is 
referred to in § 318. 
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351. Arcing Grounds : Intermittent Earths.— In a trans- 
mission system, the neutral point of which is earthed directly or 
through a resistance (§ 354), the current flowing through an earth 
fault on one phase to the earth connection of the neutral will be 
sufficient, ultimately if not at once, to operate the overload pro- 
tection devices (§§ 342, 343) or the leakage or balance selective 
protective devices (§§ 357 et seq.). If, however, the system be 
operated with isolated (non-earthed) neutral the only effect of an 
earth fault on one phase of a B-phase star-connected system will be 
to raise the potential of the sound phases to ^3 E volts above earth, 
where E is the normal voltage between line and neutral. Such, 
at any rate, is the theory of the isolated-neutral system and if the 
earth connection on the faulty phase be a definite one, the new 
distribution of potential will be effected without much surging 
and will then remain steady ; provided that the insulation of the 
sound phases can withstand the higher voltage to which it is sub- 
jected the system can remain in service until there is an opportunity 
to locate and remedy the fault. If, in the meantime, an earth 
fault occurs on one of the other phases as well there will be a 
short circuit between the two faulty phases. 

One of the chief dangers of the isolated neutral system arises 
from the fact that an earth fault on one of the lines is rarely in 
the form of a definite connection to earth. It is almost invariably 
in the form of an arc which, being shunted by the capacity of the 
line to earth, is unstable. After the first extinction of the arc 
there is left on the line a relatively steady high-voltage charge 
which, added to the normal line voltage, causes the arc to be 
struck again. This action may be repeated indefinitely, ex ceedingly 
high voltages being built up by cumulative charging of the line, 
and surges being established which vary in frequency and ampli- 
tude according to the electrical constants (JR, L, and C) of the 
circuit and the position of the 'arcing ground' in the system. 
Apart from the possibility of their establishing resonance (§ 350), 
arcing grounds subject the insulation of the line to abnormal 
voltages. 

One method of suppressing arcing grounds consists in provid- 
ing each line with an arc suppressor, i.e. an automatic device 
which, in the event of a break-down to earth, at once connects 
the line affected definitely to earth near the station. The line 
thus being rendered ' dead ' the arc is extinguished, but the 
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definite earth connection involves considerable shock to the 
system, and by raising the voltage of the sound phases (as ex- 
plained above) introduces a risk of break-down at some other 
point. It is generally arranged that the definite connection to 
earth is temporary, in the first instance, so that normal service 
may he resumed if the earth fault is cleared ; if the fault persists 
the suppressor is locked ' in ’ the next time it closes. 

An alternative method of protecting systems against arcing 
grounds consists in using the Petersen earth coil which is designed 
to neutralise the capacity effect of the line and, by removing the 
residual charge on the latter, to prevent the arc from being re- 
struck The action of the coil may be explained as follows * : — 


Referring, for simplicity, to a single-phase network, the phases 1, 2 (Pig. 61) 
have capacities Gj, with regard to earth ; and the ‘ earthing coil ’ L is con- 
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Fig. 61. — Illustrating the action of the Petersen earth coil. 

nected between the neutral point O and earth. In the event of a fault (2 - X, 
Pig. 61 h) to earth on phase 2, the current le flowing to earth and back via L is, 
neglecting resistance : le — B / 2irfL (§ 45), and lags 90° on the voltage E between 
phase conductor and neutral. The capacity earth current is the charging current, 
at voltage 2E of the capacity of the sound phase and is : Ic ~ ^irfEC (§ 46) ; 
this current leads 90° with regard to E and is therefore in direct opposition to the 
current Ie> The paths of the currents Jg, J© are shown by the arrows in Pig. 61. 
In order that may equal Ic : 2ii/Zf = 1 / ( 27 r/G), i,e, the inductive reactance of 
the earth coil must equal the capacity reactance oli the network capacities against 
earth. If this condition be fulfilled the currents J«, Ic will cancel out in the fault 
2 — X, i.e. the earth fault current will be zero and the arc will be suppressed ; 
without the coil L the capacity current of the sound phase would flow through 
the earth fault and cause intermittent arcing. 

Actually the currents Jg, Ic have each a power component (due to the 
resistances, etc., of the circuits) ; these eonaponents do not cancel, but add together 
to form the resultant current Ir through the fault (Fig. 61 c). It is claimed that 
the residual earth current is very small (from 4-15 of Ic), and that it is in- 


* See also EleJct, Zeits.y Vol. 40, p. 5 ; Vol, 42, p. 695 ; and Science Abstracls, 
Yol. 22, B, No. 830; Vol. 25, B, No, 113. 
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capable of maintaining the arc ; also, that efiective protection is provided even 
when the inductive and capacity reactances are not balanced accurately, so that 
there is + 30 7© difference between and Iq, 

It is claimed that the Petersen coil is far more effective than 
a simple resistance or gap discharger between neutral and earth, 
in dispersing the dangerous charge on the faulty line, but opinions 
differ as to the kVA capacity of lines to which the system can 
safely be applied, and as to the possibility of dangerous pressures 
being established by resonance between the capacity of the lines 
and the inductance of the earthing coil. It has been proposed to 
make the earthing coil a ‘ dissonance coil/ i.e. of such inductance 
that it is not in resonance with the capacity of the system, but 
this seems to remove the essential feature of the Petersen system 
whilst still leaving the possibility of resonance at harmonic fre- 
quencies. 

From tests and practical experience with a ‘neutral grounding reactor’ 
(Petersen coil) in an American installation, W. W. Lewis (Jour. Amer. 

Vol. 42, p. 467) concludes that the system with reactor is more like an isolated- 
neutral system than a grounded-neutral system from the standpoint of voltage 
stresses, except that excessive voltage rises due to arcing grounds are eliminated. 
The system with reactor has an advantage over the grounded-neutral system in that 
arcs are eliminated without short circuit. The reactor will probably be limited to 
comparatively low voltage and short systems owing to the cost of installing it on 
high voltage, long systems, and the difficulty of obtaining a current balance at the 
arc ; also, its use will probably be limited to isolatedmeutral systems, the operation 
of which is not satisfactory but on which, for some reason, it is not desired to con- 
nect the neutral straight to earth. 

The value of earthing the neutral through a resistance as a 
protection against arcing grounds and other causes of voltage 
rises has been discussed by K1 Edgeumbe who reaches the follow- 
ing conclusions : — 

1. Three-phase systems with insulated neutrals are dangerous owing to their 
liability to transient voltage rises due to intermittent earths. 

2. The connection of the neutral point of a 3'phase system direct to earth is in- 
advisable owing to the unlimited current which may flow in the event of an earth 
fault. 

3. Earthing the neutral point through a resistance aflords complete protection 
against voltage rises due to intermittent earths. It is valuable in suppressing 
rises due to all other causes, limits the current in the event of an earth fault, and 
enables advantage to be taken of leakage tripping. 

4. The earthing choker is valueless on complicated systems, always involves 
a serious risk of resonance, offers no advantages over the earthing resistance as a 
means of suppressing intermittent earths, and is useless as a protection against 
voltage rises due to any other causes (El. Bev.t Vol. 90, p. 399). 
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352 . Failure of Insulation; Leakage Protection. — The 

causes of failure in the insulation of any part of a circuit may be : 
(i) deterioration of the insulation by overheating (§§ 72, 80) 
caused by overload or otherwise ; or (ii) stressing of the insulation 
by voltage higher than it will withstand even in its normal con- 
dition, such excessive voltage being due to any of the causes 
discussed in §§ 345-351. The effect of the failure is to introduce 
danger to life from shock ; possible failure of insulation in other 
circuits by the admission to or near them of pressure higher than 
that for which they are insulated ; and possible flow of leakage 
current which may cause damage by electrolysis, char surrounding 
insulation, woodwork, etc.,by its heating effect and thus introduce 
risk of fire, or be of such magnitude as to constitute a short circuit 
with all its serious consequences (§ 338). To prevent failure of 
insulation it is necessary to avoid the causes of failure specified 
above. 

Once insulation has failed, the only safe course is to isolate the 
affected portion of the circuit and repair the insulation. Theoretic- 
ally a single failure in the insulation between a conductor and 
earth should not matter if the insulation be intact throughout the 
remainder of the circuit. Actually, however, the failure subjects 
the insulation of the other line or lines to the full voltage of the 
system (§§ 351, 354) and the danger of shocks is also increased. 
If the neutral be earthed, an earth fault on any line will result in 
short circuit through the resistance of the fault and of the neutral 
earth connection. 

Theoretically, several faults may exist simultaneously without 
disturbing operation, so long as they are all on the same pole or 
phase, but actually there may be* a pressure difference of 10 or 15 V 
between two points in a wiring system (much more in other cases) 
and this is sufficient to cause considerable leakage under favom*able 
conditions (c/. rail return in traction systems, Chapter 35). 

The leakage current between a nominally insulated conductor 
and earth may be measured by a milliammeter connected between 
the conductor and earth, and when the total leakage current 
exceeds 1/1 000 of the maximum current supplied steps should 
be taken to locate the leakage and improve the insulation of the 
system. 

Long before the leakage from a faulty system becomes suffi- 
'cient overload-protection devices (§§ 342, 343) the 
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leakage current is dangerous, and it is desirable that the faulty 
section should be isolated automatically by a leakage-protection 
device. This may consist of a relay which is actuated by the 
leakage current itself, or it may utilise the fact that when there 
is leakage the algebraic sum of the currents in the three con- 
ductors of a 3-phase system is no longer zero. 

In the Howard leakage detector a current transformer is connected in the 
earthing wire of, say, a switchboard frame, and the secondary of the current 
transformer is connected to a tripping relay (§ 344). Then if there is leakage to 
earth from the bus bars (in the example chosen) the current transformer carries 
the earth current and the relay trips the circuit breaker and isolates the defective 
bars. 

In the Ferranti-Field leakage -protection system for cables, a coil connected 
to the trip-relay is wound on an iron core which surrounds the 3-phase cable to 
be protected. In the event of leakage from any one of the cable cores, the 
algebraic sum of the currents in the latter is no longer zero; a resultant flux 
therefore traverses the iron core and induces an E.M.F. in its winding which 
operates the relay [see also § 359 (i)). 

Other selective or discriminative systems of protection which 
also isolate the defective section in the event of leakage, are 
described in § 359. 

353 . Earthing. — Regulation 21 of the Electricity Regulations 
(Factory and Workshop Acts) runs as follows : — 

Where necessary to prevent danger, adequate precautions shall be taken 
either by earthing or by other suitable means to prevent any metal other than 
the conductor from becoming electrically charged. 

This regulation applies at all pressures exceeding 125 V alternat- 
ing or 250 V direct. The term ' earthed ’ as defined in the Regu- 
lations, means connected to the general mass of earth in such 
manner as will ensure at all times an immediate discharge of 
electrical energy without ' danger.' This is defined as danger to 
health or to life or limb from shock, burn or other injury or from 
fixe or explosion. 

Methods to be adopted and precautions to be observed in 
earthing specified parts of electrical systems are discussed very 
fully in the Memorandum on the Electricity Regulations * which 
should be consulted; for notes on Earthing in Mines see Chapter 
32. It must here suflSice to say that all bare metal — such as 
machine or switchboard frames, transformer tanks, cable sheaths 


* H.M. Stationery Office, 4d. net. 
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(metallic), etc. — which, may be rendered 'live ’ by leakage or by 
direct contact with charged conductors must be ' earthed ' by 
connection to a suitable ‘earth plate’ (§ 348 and Chapter 32). 
In some instances the bare metal which must be earthed is used 
to prevent access to live parts, as in the case of metal screens 
enclosing switchgear; in other cases, e.g, motor frames, trans- 
former tanks, etc., it is a constructional part of the apparatus. 
Where, as in portable apparatus, a permanent earth connection 
cannot be made to the frame, it is usual to provide a special 
earthing conductor in the cable supplying the apparatus in 
question, this conductor leading back to some point at which a 
permanent earth connection is established. 

If an operator must necessarily work on or near live metal he 
should be provided with rubber gloves and an insulating mat or 
stand ; and he should be prevented, by an insulating screen, from 
touching earthed metal. It should be remembered that it may 
be dangerous to* touch even the insulation of conductors at high or 
extra-high pressure. Working on live overhead conductors is 
extremely dangerous and demands the utmost vigilance. It is 
possible to receive a fatal shock when working on a nominally 
dead line which runs parallel to live conductors, owing to the high- 
pressure charge induced by the latter {see Science Abstracts, Vol. 
25, B, No. 1039). 

354* Earthing the Neutral. — During normal operation the 
‘ neutral point ’ of any electric circuit is at earth potential, and by 
connecting it to earth it is kept at this potential whatever the 
irregularities on the system. It is usual to make the connection 
between neutral and earth through a resistance which limits the 
current flowing in the event of a ‘ dead (low-resistance) earth ' on 
one line. Iron grid resistances, water resistances, and carbon re- 
sistances are used for this purpose ; carbon resistances have several 
advantages one of which is that the negative temperature coefficient 
of resistance of this material allows the current to increase gradu- 
ally until the circuit breakers operate. If the neutral points of 
two or more paralleled machines or stations be earthed, precautions 
must be taken to prevent the circulation of current in the parallel 
earth connections. 

With an earthed neutral, an earth fault on any line at once • 
operates the circuit breakers or selective protection gear; the 
only disadvantage is that a shut-down may be occasioned by a 
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transitory break-down from line to earth. Theoretically a system 
with insulated neutral can be kept in service with an earth fault 
on one phase but there are serious practical disadvantages in such 
a system (§ 351). 

The general imporfc of the various British regulations on this subject is that, 
where the pressure of supply between the conductors of a system of mains exceeds 
125 V the neutral point at the generating station, sub-station, or transformer 
supplying the circuit must be earthed and the insulation of the mains must be 
maintained efi&ciently at all other points ; if the current passing through the 
connection to earth exceeds 1 / 1000 of the maximum supply current of the 
circuit, the insulation of the latter must be improved. The neutral point of fche 
star winding of each 3-phaso circuit used for extra high pressure (over 3000 V) 
may be connected with earth (at one point only, the station, sub-station, or 
transformer) or it may be insulated. If connected to earth through a resistance 
the latter must bo low enough to ensure that the main fuse or circuit breaker 
acts in the event of an earth fault. If the neutral point is not earthed a separate 
electrostatic voltmeter must be connected between each distinct circuit and earth, 
and if the indications of the voltmeters show the insulation of any of the circuits 
to be faulty the insulation must be restored. 

355. Low-voltage and Interruption of Supply.— The incon- 
venience and financial loss (to supplier and consumer) occasioned 
by interruption of supply must be avoided as far as possible by 
securing safety and reliability in all parts of the supply system 
and by isolating faulty sections before the damage has time to 
spread (§ 357). Abnormally low voltage of supply is naturally 
associated with some radical defect in the supply equipment or 
its conditions of operation ; also, supply at low voltage cannot be 
utilised efficiently * or, in some cases, with safety.f For both 
of these reasons it is necessary to interrupt the supply if the 
voltage becomes abnormally low (say 50 % of normal) . The in- 
terruption is generally effected at the main switch of the circuit 
concerned so that when the voltage again becomes normal, or 
when supply is resumed after interruption from any other cause, 
full voltage may not inadvertently be applied abruptly to 
apparatus which was in service when the supply failed. 

The ' no-volt ’ or ' low-voltage ’ release for a circuit breaker 
consists of a pressure-wound (i.e. shunt) solenoid which holds 


*Even 5 7o *han rated voltage involves 15-20 7© reduction in the 
candle power of tungsten filament lamps. 

+ At reduced supply voltage motors require a heavier current to drive a given 
load; overheating then occurs. If the drop in voltage is sufficient to gauge the 
juotor to stop, the ntaohine then short circuits the mains, 
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open a switch in the trip circuit as long as the supply voltage 
exceeds, say, 50 7o of normal. Directly the voltage drops below 
the predetermined limit, the solenoid releases the tripping switch 
and the circuit breaker is opened. In the case of motors used in 
conjunction with starters (Chapter 29) the low- voltage device is 
arranged to hold the starter ' on ’ until the voltage becomes dan- 
gerously low, and then to allow the starter to be returned to the 
* ofl‘ ’ position by a spring so that the motor has to be re-started 
in the regular manner when supply is resumed. 

A definite air gap is needed in the magnetic circuit of low- 
voltage releases to ensure that residual magnetism does not hold 
the device * on ’ after the voltage has fallen below the prescribed 
limit. It is common to specify that a loW- voltage device shall 
not hold, when switching in, if the voltage is lower than 80 of 
normal and that it shall release, in service, if the voltage falls to 
50 of normal. In variable-speed motors where the field current 
varies within wide limits the low-voltage release may have to be 
connected across the mains (instead of in series with the field 
windings) in order that it may not open at the lower values of 
field current. 

If the supply pressure exceeds 600 V, the low-voltage solenoid 
is generally supplied through a potential transformer. 

Interlocks of various descriptions are used to prevent switches 
from being closed whilst workmen have access to parts which 
would then become live (§ 373). 

356, Fire Risk. — The fire risk from the wiring, switchgear, 
and accessories of a domestic lighting, heating, or power installa- 
tion is negligible provided that the whole of the equipment is by 
reputable makers and is installed in accordance with the Wiring 
Rules of the I.E.E. (London), or the corresponding rules of similar 
bodies in other countries. Similarly, the Home Office Regulations 
for the use of electricity in factories, workshops, mines, etc., take 
into consideration the special conditions of these services and 
compliance with these Regulations eliminates practically every 
risk. Fire arising from a wiring installation or its accessories 
can only be due to overheating, leakage, or open arcing or spark- 
ing; against all of these contingencies suitable provision is laid 
down by the rules and regulations mentioned. Even a ‘ dead 
short ' between the conductors of a multicore cable in an explosive 
atmosphere is unlikely to cause fire or explosion if the circuit is 
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I provided with proper protective devices, because the latter isolate 

I the faulty section before the arc can penetrate the outer insulation 

of the cable. 

The main fire risk in a modern electrical installation is prob- 
I ably in the oil switches and generators. In the past a number 

i of disastrous switchboard fires have been started by oil switches 

being unable to interrupt safely the enormous amount of power 
flowing through them under short-circuit conditions. This 
danger has been reduced by increasing the ‘ breaking capacity ’ 
(§ 371) of oil switches: and the risk of any general conflagration 
I is further reduced by the provision of vent pipes which carry oil 

I vapour away to the open air; by the use of ‘explosion proof ’ 

‘ switch tanks ; and by the use sometimes (§ 378) of a switchboard 

construction in which each switch is in a separate fireproof com- 
I partment, the latter having a drain for the removal of oil, should 

' any escape. It has been proposed to fill any switch or transformer 

I compartment, in which fire may break out, with carbon dioxide ; 

I this can be done automatically, but it is doubtful whether such 

I equipment is necessary or, on other grounds, desirable. 

I In the event of arcing within the windings of a^ generator, 

I due to break-down of insulation, there is a great danger of the 

fire being fanned and spread by the blast of air blown through 
I the machine for ventilation (§ 146). This danger may be reduced 

I by the provision, in the outgoing air ducts, of fusible links which 

I release dampers cutting ofi* the air supply if the temperature of 

the outgoing air becomes so high as to indicate fire. Probably a 
I more reliable arrangement is to arrange that the electrical pro- 

I tective gear, which cuts the generator out of circuit in the event 

: of break-down, also cuts off the air supply. At the Gennevilliers 

I (Paris) station the generators are ventilated by air which is 

; circulated in a closed circuit. This avoids carrying dust into the 

I windings. A refrigerating plant is placed at one point in the air 

’ circuit, and the air is charged with nitrogen to such an extent 

that it will not support combustion. 

To eliminate the risk of overheating and fire which would 
result from failure in the supply of cooling air (or water or oil) 
^ to a machine, etc., dependent upon forced cooling, automatic 

“ devices should be used to give an alarm and shut down the plant 

in that event. 

357 . Selective Protection. — In distribntion networks where 
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large amounts of power are transmitted through^ interconnected 
cables it is imperative that a faulty machine or circuit should be 
isolated promptly from the remainder of the system in order that 
sound parts of the system may not be affected by currents flowing 
to the fault. The greater the degree of subdivision of the system, 
the smaller is the area affected by isolation of a faulty part. On 
the other hand, the greater the extent to which the feeders are 
interconnected (so as to form a network with alternative lines of 
supply to practically every point), the more difficult it becomes to 
isolate a faulty section promptly and with absolute discrimina- 
tion. Overload relays with graded time elements (§ SU) offer 
one means of opening first the switch nearest to the fault, but if 
the fault can also be fed through another cable connected to the 
first beyond the point of break-down it is obviously necessary to 
isolate the fault by opening switches on both sides of it. Phis 
can be accomplished by reverse-power relays (§ 358). Alterna- 
tively, each section of the network can be protected by one or 
other of the special systems of selective protection described in 
§ 359; these systems all operate on the general principle of 
comparing the conditions at the two ends of the portion of the 
circuit which they protect; in this way, it is possible to discrim- 
inate between a fault in the section protected and abnormalities 
due to load fluctuations or to a fault elsewhere in the network 
which will be cleared by other protective gear. 

358. Reverse Current and Reverse-power Relays.™-The 
simplest type of reverse-current switch is the reverse-current 
‘ cut-out ’ sometimes inserted in battery-charging circuits to open 
the latter should the direction of current be opposite to that which 
is required for charging. A reverse-current switch or relay for 
a D.C. circuit requires only a current coil for its operation and it 
will act directly the current reverses. In an A.C. circuit, how- 
ever, the alternating current has no definite direction of its own ; 
the actual direction of the current reverses in each ' cycle, ' and 
' reversal ’ of an alternating current in the sense here considered 
can only be defined in terms of the relation between the current 
and voltage waves. An alternating current is said to be reversed 
when the relative directions of current and voltage are reversed. 
To determine when this is the case it is necessary to employ a 
device operated by both current and voltage, ie. one which dis- 
criminates between forward and reverse power. The simplest 
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neeted 

form of reverse-power relay for A.O. working comprises pressure 

PI 

■ixld, be 

(shunt) and current (series) -windings which normally oppose each 


that 

other; if the current ‘reverses,’ the two windings co-operate to 


.owing 

close a trip circuit. Alternatively the windings may be arranged 


37-stera, 

normally to assist each other ; when the current is reversed an 


On 

armature is released and the trip circuit is closed. The type of 

1 

317S are 

relay in which the pressure and current elements are normally in 


.novS of 

opposition is preferable for A.C. working. 


notes to 

It is obvious that either a dynamometer-type or induction- 

1 'i 

inaina- 

type wattmeter (§ 109) can be used as a reverse-power relay, the 


) offer 

movement of the instrument being fitted with a contact maker i 

a- J 

Tbxit if 

in the trip circuit, instead of with a pointer. The connections ! 

i-P- 

to the 

are such that so long as the power is ‘ forward ’ the relay contacts j 

- 'h 

iSbiry to 

are held open, but when the power reverses they are closed. The 1 


This 

induction-type relay may operate the trip contacts through a j 


tex-na- 

cord wound round the spindle of the induction-disc; this provides | 


oaae or 

a time element (§ 344) and prevents the main circuit from being 1 


De<i in 

opened by momentaiy reversal of power. | 

■ :| 

plo of 

Reverse-power relays are used to prevent alternators or trans- 

'1 

the j 

formers from being fed by the bus bars or circuits to which they 


soirim- 1 

should supply power ; also, to prevent a feeder-fault from being sup- 


alities } 

plied through a feeder connected in parallel with the defective one. 


t-work 1 

' These relays cannot be used on interconnector cables which may, 


The 

in normal service, have to carry power in either direction between 

two stations. If the main voltage becoiaes very low, as it may i 


ix-jrent 

do on heavy faults, there is a risk that the reverse-power relay j 


) open 

will not operate ; and, in the past, some reverse-power relays have i 


wlaich 

operated on forward power at very low power factor. Modem j 


jy for 

wattmeter-type reverse-power relays can be relied upon not to j 


axid. it 

operate on forward power under any circumstances, and to operate I 


liow- 

on reverse power at pressures down to 10 7o normal voltage. { 


own; 

For complete protection two relays are needed in a 3 -phase system | 

i 

and 

with insulated neutral, and three relays if the neutral be earthed. : 

: ’i 

Adored 

359. Selective Protection Systems. — The principal systems 1 

: ^ 1 

ixrjrent 

of selective protection for feeders, generators, and transformers ; 

^ 1 

;7'ex-sed 

are described below and their general characteristics are indicated. | 

■ 

exceed. j 

The automatic protection of electrical networks and apparatus is 

1 

»loy a 

a specialised branch of engineering with an extensive literature 1 

IP 

h. dis- 

of its own, but it is desirable that every electrical engineer should i 

1 

rxp>lest 1 

be familiar with the main principles of the subject 

1 
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The ‘pilot’ wires used in some protective systems have only 
to carry weak, low-voltage current for the operation ot relays ; 
they are therefore of small cross-section and have relatively hg 
insulation. The pilot circuit in the Merz-Pnce balanced voltage 
system of protection as applied to a 3 -phase fee er, genera y con 
sists of a three-core 7 / 029 low pressure cable ; provided that the 
pilot cable is connected to current transformers at each end of the 
feeder as in Fig. 62. it need not be laid along the same route as the 
feeder! ‘Sheathed’ pilot cables are virtually three-core concen- 
tric cables, each pilot wire being provided, outside its mam insul- 
ation, with a thin metallic sheath for reasons explained at (c) 
below ; the sheaths are insulated from each other by a light ex- 
ternal covering. _ r £ 4.1 

The construction of split-conductor cables, in which each ot the 
halves of the main conductor acts as pilot wire to the other half, 



j’lQ. 62. Merz-Price balanced voltage system for feeder protection. 

for one phase only.) 


(Connections 


is illustrated in Figs. 66 , 67 (Sec. (d) below). The insulafon re- 
quired between the two ‘ splits ’ of each phase is only that needed 
to withstand the P.D. existing between the splits under fault con- 
ditions. Normally, the halves of a split-conductor cany equal 
currents and there is no P.D. between them and any cross-section 
of the cable. 

(a) Merz-Price Balaficed Voltage System , — This system is used for the pro- 
tection of feeders and depends upon the balancing of E.M.F.’s induced in current 
transformers placed at each end of the feeder and connected by * pilot ’ wires. 
Fig. 62 shows the connections for one phase only, for simplicity. The secondaries 
of the current transformers AB are connected in opposition so that, normally, no 
current flows through the relays, BR. On the occurrence of any fault in the 
feeder, the main current at B no longer equals that at A, hence current flows in 
the relay circuit and the switches SS are tripped by TT, completely isolating the 
defective feeder. The direction of the main current is immaterial hence the 
system is applicable to ring mains. It is essential that the transformers AB 
should balance at all loads as long as the feeder is sound and, in order that the 
current-voltage characteristic may be linear the transformers have air gaps in 
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their magnetic circuits. Owing to the electrostatic capacity of the pilot wires and 
the high P.D. between them when the feeder current is heavy, there is then a 
considerable capacity (condenser) current flowing through the pilot wires. This 
may operate the relays unnecessarily unless their setting is relatively insensitive. 
The difficulty is overcome by the use of sheathed pilot wires (see (c) below). 

[h) Merz-Price Circulating Current System . — This system, which is used for 
the protection of alternators and transformers, is shown in Fig. 63 as applied to 
a 3-phase alternator G. Current transformers are placed at A between the 
alternator phases and the neutral point and at P between the alternator and 
the main switch S. The current transformer secondaries are connected in series 
with compensating resistances r. During normal operation a current of about 
5 A circulates through the secondaries of the current transformers and the pilot 
wires, but there is no current through the relay coils connected between the pilot 
wires and the neutral. On the occurrence of a fault the current balance in the 
pilot wires is disturbed, the relays R are operated, and the trip coil T opens the 
main switch S. 



Fig. 63. — Merz-Prico balanced current system for generator protection. 


Ordinary instrument transformers are used, without air gap in tlie magnetic 
circuit. If the system be applied to the protection of, say, a 6 600 / 44:0 V, delta / 
star transformer, with a lO : 1 star-connected instrument transformer on the high- 
voltage side, the low- voltage instrument transformer would be delta-connected, 
and its ratio would be (10 / 1) x (6 600 / 440) x JS = 260 : 1. 

This system of protection is more sensitive and stable than the balanced- 
voltage system, but it is inapplicable to feeders because the resistance of the pilot 
wires would then be prohibitively high. The current in the pilot wires is pro- 
portional to the main current;, hence fuses in the former provide overload protec- 
tion. 

(c) Beard-Hunter Sheathed-pilot System . — This system is identical with the 
Merz-Price balanced voltage system (Fig. 62) except that the capacity current 
trouble mentioned at (a) above is eliminated by providing each pilot wire with a 
sheath 2, m (Pig. 64). The sheaths are interrupted at the centre as shown, and 
from a study of the connections in Fig. 64 it will be seen that the capacity currents 
no longer pass through the relay windings, hence the relays may be set reore 
sensitively thap ip the IVfierz-Price system. 
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{d) Merz-Hunter S:gUt’Conductor Ref erring to Fig. 65, there are used, 

in each phase of the line, two conductors of equal electrical resistance connected in 
parallel at each end of the length to be protected, but otherwise insulated from each 
other. Under normal conditions, the. total current in each phase is divided equally 
between the pair of conductors, but when a fault occurs this balance is disturbed. 







Fig. 64. -Beard-Hunter sheathed-pilot system for feeder protection. 

The two conductors of each phase are wound in opposite directions on current 
transformers at Ay and so also at B. Under normal conditions, no current flows 
through the trip relays R, but directly the current balance in the ‘ split conductors * 
is disturbed, the relays B operate at both ends of the section and the trip coils T 
open the switches S. No pilot wires are required, but the main cables must be 




Fig. 65. — Merz-Hunter split-conductor system for feeder protection. 

specially constructed on the split-conductor principle. A cable with six electrically 
identical cores (Fig. 66) may be used with two cores in parallel for each phase, or 
each phase may be served by two concentric cores (Fig. 67) * in which case the 
inner and outer must be transposed at intervals to maintain equal impedance in 
both halves of the split conductor. 


* The overall diameter may be reduced by using concentric elliptical coyes, 

m - • 
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This protective system can be set for very low fault currents without risking 
disconnection of sound feeders. It will be seen that the ‘ split ’ is continued 
through the switches S at each end ; this is to ensure that when one set of switches 
S' is opened, the other set also opens. If the splits were joined at LM and PQ, a 
fault at X (near the end of the cable) would cause the switch S' to open, but the 
impedance of the paths LPQX and MX would be so nearly equal that the switch 



Fig. 66. — Six-core cable for 3-phase Fig. 67. — Three-core concentric split- 
split-conductor system. conductor cable. 

S would probably remain closed. With the split continued through the switches, 
current can only how along MX after S' has opened, hence A is unbalanced and S 
also opens. 

The split- conductor system is hardly suitable for pressures exceeding 20 000 V 
because the size of the individual cores is small (for the amount of power which it 
is desirable to transmit by a single feeder) and the stress on the insulation is there- 
fore severe (§ 288). 



(e) Sunter Four-core Pilotless System . — This system is a combination of the 
Merz-Price balanced voltage and the split-conductor systems. One phase (II in 
Fig. 68) is protected on the split-conductor system whilst the other phases are 
protected on the Merz-Price system, using the splits of phase II instead of pilot 
wires. Any fault on phase II causes the transformers C, JD to be excited and the 
switches 8 to be tripped. On the balancing transformers A, the phases I and 
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To Tripping Relay 


III are in opposition to the splits of phase II, and are also in opposition to each 
other. Normally, A and B produce equal and opposite B.M.F.’s in the splits as 
shown by the arrows, but in the event of any fault on I or III, this balance is dis- 
turbed, a circulating current flows round the splits of phase II, and the transformers 
C, jD cause the switches S to be tripped. 

(/) Beard Self -balance System , — The application of this system to alternator 
protection is shown in Fig. 69. The line and neutral connections of each phase 
winding are taken through a transformer which is connected to the tripping re- 
lay. In the event of a fault to earth or 
between phases the incoming and outgoing 
currents are no longer equal, the trans- 
former T is excited, and the relay is 
operated. If the neutral leads be carried 
to the switchboard (the neutral connection 
and the transformers T being then at the 
switchboard), this system protects against 
faults in the cables between generator and 
switchboard, as well as in the generator 
itself. 

(g) McGoll Biassed-Relay System . — ^Referring to Fig. 70, current transformers 
CT are installed at each end of the feeder, and each transformer is connected to 
two circuits in parallel, one of these being dotted in Fig. 70 for the sake of clear- 
ness. The pilot wires form one branch from the secondary of each transformer, 
and the other branch (dotted in the figure) is formed by the operating coil 0 of a 
differential relay and a resistance r, which is adjusted so that this circuit is of 
the same resistance as one of the pilot wires. The restraining coils R of the 
relays are connected one in series with each pilot wire. The fulcrums of the 
beams carrying the relay plungers are nearer the operating coils than the restrain- 



Fig. 69. — Beard self-balance system. 
(Connections for one phase only.) 
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Fra. 70.“-McColl biassed-relay system applied to a feeder. (Connections for one 

phase only.) 


ing coils, hence the latter exert the greater moment (with equal currents in 0 
and R) and the relay has a bias to hold open the trip contracts T. 

So long as the feeder is sound, the current transformers at each end deliver 
equal currents, and the currents in the operating and restraining coils of each re- 
lay are equal, hence the beam is held down by R and the trip contacts remain 
open. If a fault occurs in the feeder, the secondary current delivered by the 
transformer CT - 1 is greater than that delivered by CT - 2, the difference be- 
tween these currents dividing between the duplicate circuit (dotted) at the left- 
hand station, and the duplicate circuit at the right-hand station. Since the latter 
circuit is, with regard to CT - 1, in series with both pilot wires, the total resist- 
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tliig path is three times that oi the duplicate circuit at the left-hand 
As a consequence, 75 7© excess current flows through the operating 

"tiixe relay in the supply station, and the trip contacts T are closed if the 
pull now obtained at O is sufficient to overcome the initial bias of the 
action of the relay depends entirely upon the relative magnitude of 
XX irexits in its two windings regardless of the actual value of the main current. 
tily- hPiQ contacts T are closed, the oil switch S is opened in the usual 
‘t'tie txip circuits themselves are not shown in Fig. 70. 

normal operation, current circulates continuously through the pilot 
• If the latter be broken accidentaily, the whole output of each current 
is diverted through the operating coil of its relay and the trip circuit 
If a fuse F be inserted in the pilot circuit, this melts in event of sus- 
3. ‘ oveirload, and by opening the pilot circuit causes the relays to operate. 
5>Q,'^ipm.ent then gives protection against overload as well as against faults in 
3ed.er, 

jS-r itisli Thoms m-Houston Biassed Transformer System . — In this system 
^ e of a special transformer, which is illustrated diagrammatically in Fig. 

Tile ‘ operating ’ coil AA produces a flux as shown by the solid lines and this 


^ A JS 



C C 


Yl. — Illustrating the Fig. 72. — B.T.H. biassed transformer system 
\ rxoiple of the biassed applied to a single-phase feeder. 

uxiBf oirmer. 

oes Oin. E.M.F. in the secondary winding CC wtiich is connected to the trip 
Ci3-ot shown). The ‘ restraining ’ or ‘ biassing’ winding BB produces a flux 
.owjo. by the dotted line ; this has no direct eflect upon the winding CC, hut 
Exoreasing the flux density in the iron which it traverses, the biassing flux 
fe» tb.e ratio of transformation between the windings A and C. 

38' i^. T2 represents the application of the system to the protection of a single- 
feeder. The general principle of the protection is the same as in the Merz- 
3 bflblsboced voltage system (Fig. 62) except that the trip relay is served by the 
^former AG instead of being connected directly in the pilot circuit. The 
rxotive feature of the system here described is the addition of the biassing coils 
wlxioli are connected across the secondary terminals of the current trans- 
nors TfT, and therefore carry a current the magnitude of which' varies with the 
□l oixrrent. As already explained, the ratio of the transformer AG depends 
3 L hlxe value of the current in the biassing coil B, hence the sensitivity of the 
bixxsbfeion is greater, the lower the load on the feeder. The amount of restraint 
le^li^ible np to full load on the feeder but, under overload conditions, the 
feransformei prevents the relay from being operated by: (i) Capacity 
©xx-fes ixL the pilot wires of a sound feeder ; or (ii) currents in the pilot wires 
■fco i jcci]perfect balancing of the transformers TT, 

Xxx a* 3-phase system this method of protection can be used in coniunc|;ion 
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with separate ‘ earfch relays ' and ‘line-fault relays;’ and the former can be set 
for maximum sensitivity because they are not affected by the heavy currents 
which flow through the line-fault relays when a sound feeder is carrying short- 
circuit currents to a fault beyond. For further information see EL Rev., Vol. 90, 
p. 928. 

{i) Ferrayiti-Hawkim Gore-balanced System. — This may be described as a 
combination of the Merz-Price and the Perranti-Pield (§ 352) systems. Selective 
protection is obtained, but against earth faults only (which, in practice, always 



Fig. 73.— Fermnti-Hawkins core-balance system of protection against earth faults. 


accompany faults between phases on feeders). A ring-type transformer surrounds 
the 3-phase cable at. each end (AB, Fig. 73) and, as long as the cable is sound, the 
currents in the 3-phases (whether balanced or not) produce no field in the trans- 
former cores. Directly an earth fault occurs, the vector sum of the currents in 
the cable is no longer zero, the relays R are excited and the main switches are 
tripped. 

(j) Bowden-Thompson SJieatJied Gable System. — The main cables used in this 
system are provided with thin metallic sheaths between and insulated from the 
cores, and between the cores and the lead sheath. Thus, in Fig. 74, L represents 

the sheath between cores, and M 
that between the cores and the 
lead sheathing. Any fault between 
the cores necessarily reaches the 
sheath L before the main cores are 
affected; the current which then 
flows through the transformer B 
to eartih excites the relay R and 
causes Tto trip the main switch S. 
An incipient earth fault reaches the 
sheath M and trips the main switch 
in the same way before the fault 



Fig. 74.- 


-Bowden- Thompson sheathed cable 
system. 


reaches the lead sheath. If the cable be damaged from outside, the sheath M is 
earthed before the main core and, since M is maintained at a potential difierent from 
that of earth (by the transformer C), a current now flows through B and the 
switch is tripped as before. 


Other systems have been devised for the automatic selective 
protection of A.C. circuits and apparatus, and there are many 
modifications of the systems described above, but the notes here 
given cover the main principles of the art. The relative merits 
of the various systems of protection is a subject beyond the scope 
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GHAPTEE 16. 


SWITCHGEAE AND SWITOHBOAEDS. 

361. Functions of Switchgear and Switchboards. — The 

general purpose of ‘ switchgear ’ is to make and break circuits, thus 
controlling the operation of electrical apparatus; and the term 
'switchboard’ is generally applied to the group of switches, 
measuring instruments, and indicating devices which are used for 
the control of a particular circuit or an extensive network as the 
case may be. When the circuit is 'made,' the switchgear must be 
capable of carrying safely the current which flows, but as regards 
breaking the circuit, it is necessary to discriminate between : (a) 
‘isolating switches ' (§ 362) which are suitable only for isolating a 
circuit after the current flow has been interrupted by other means ; 
(b) non-automatic ‘ switches' (§§ 363-367, 374), which are suitable 
for breaking a load current ; and (c) automatic ‘ circuit breakers ' 
(§§ 365, 367), which are capable of interrupting abnormally heavy 
currents such as those flowing to a short circuit (§§ 339, 370). 
(Note , — Switching in lighting and other domestic installations is 
discussed in Chapters 21, 22 ; and motor control is dealt with in 
Chapter 29.) 

362. Isolating Switches. — These switches, which are not 
suitable for breaking a load current, are used to isolate high-tension 
apparatus from the rest of the circuit and to sectionalise high- 
tension circuits. For example, an isolating switch is generally 
provided between an oil switch and the bus bars, and on the 
other side of the oil switch as well if the latter controls ring 
mains. By opening the isolating switch (or switches) the oil 
switch can be made completely ‘dead' and therefore safe for 
access to aU its parts. The isolating switch consists of one or 
several copper blades which engage with spring contact clips 


* Sometimes an isolating switch is provided between the generator and the main 
oil-circuit breaker but this is unusual, for it is generally expected that the circuit 
breaker can be attended to when tb§ generator is shut down. 



McColl Biassed Relays. 



The relays shown form part of the 
protective gear in a large British power 
house and are connected to a 15-mile, 
33 000 Y feeder. The biassed relay oper- 
ates when the fault bears a definite relation 
to the load on the circuit. 


Erereltj Ed(jcum}>e cf; Co., Ltd. 

Current and Potential Transformers. 

The current transformer (left) is suitable for use on a 
12 000 Y system. The straight-through primary prevents 
breakdown due to surges; and the ring-type core, without joints, 
secures constant ratio and absence of phase displacement be- 
tween primary and secondary currents. The three-phase 
potential transformer (right) is for a G 600 Y system. The 
primar}^ is sectionalised to reduce the voltage between layers, 
and the whole transformer is impregnated with insulating 
comiround to exclude dust and moisture. For higher pressures 
potential transformers are generally oil-insulated. 

[To face JO- 514. 


TP’'. T. Henley's Telegraph Works Co., Ltd. 

Porcelain Handle with Quick-Break Isolating Links. 

This equipment is iutercliangeable with a porcelain-grip fuse carrier, ^ and can be 
used to disconnect a circuit whilst carrying load. It serves the dual function of isolatin g 
link and knife switch, and can be used in distribution pillars or other applications 
where there is not room for an ordinary knife switch. The main copper link has an 
auxiliary ‘ flicker blade ’ for each contact, and the tension on the springs of the 
flicker blades is limited by a stop. 



JDormctu cC Ltd. 


Single -Pole Multiway Switch with Quick- Break Action. 

This switch is made for currents from 50 to 300 A, 250 V, and with 2, 8, 4, or 5 
‘ ways.’ Contact jaws are provided for both ends of the multiple copper blades so 
that the swivelling hinge portion is not relied upon to carry current. When the 
T-handle is drawn fully ‘ oil ’ the switch can be turned to left or right for closing on 
the desired ‘ way,’ without touching other jaws in passing. A spring poppet registers 
the blade into alignment. 


[To face p. 515. 
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moirnic^d on inniilatorH. The circuit leads are connected to the 
iw() contact clips and tlie isolating blade or link is withdrawn 
when the circuit is to opened. The switch, blade may be 
piv<dc,d in <)n(‘, of tin*, contact pieces or at an imlependent fulcrum, 
and it in op(>,rate(l (.dtlu^r by an insulabid handle on the blade 
or by an insulated j)()Ic! with a hook which engages in a ring 
on tlm Hwit<ili blade. Tlu^ conductors to and from an isolating 
Hwitc*h Hhoxxld be as rn^arly as possible in line with the switch 
blade in onha* to reduce the mechanical force which tends to 
o|M^n the Hwit(‘,h tind(‘.r short-circuit conditions (§ 388). If the 
|M)Wca‘ opiU'ativ(*, on short circuit exceeds 15 ()()()- 2 () 000 kVA the 
isolating switch blades should be held by a latch or bolt which must 
bc^ releiiHcd b(ifor<i th<^ switch can Ixi opemed. Wlierover possible 
an air-break isolating switch should be interlocked with an oil 
Hwii<*h SI) that the forima* can only bo opened or closed when the 
oil Hwitcii is in the ^olF’ position. 

Isolaiiiig Hwikdies of modified design can be used, when neither 
making nor breaking a load current, as 'selector’ switches to pre- 
|>art^ for the closing of the circuit (by a switch or circuit breaker) 
on any mm of two or more alternative paths. An oil-irnmersed 
isolating switch can }m \ih(k 1 to ink^mipt a moderate flow of power, 
IIS when BO(‘.tionaliHing bus bars, wlien the duty of the switch is 
rathisr to transfer load from one part of the system to the other 
thfwi U) intemipt the flow comphitely ; for the latter purpose a 
load^cnrront switch or circuit breaker must be used 

363 . Knife Switches.— Tlio B.E.S. A. Report, No. 109, defines 
a kiiifi* Hwiteh as oni? in which the moving (dement takes the form 
of fi curr(uit-canying hingcxl blade, Tnoving in its own plane, and 
ont 4 *riiig or ianbraeing tla^ circuit contacts. 80 far as high-tension 
(a’n'iiits iiro eonciaanxl such a switch is simply an isolating switch 
anil ifi not siiitabli* for o{Mming a circuit whcui carrying Icmd current. 
For Iciw-toiision circuits thc^ knifcj switcdi tnay be used to interrupt 
a httifl cim*ent, but in order to reduce the damage caused by arcing 
lit tli«^ coritacits when the blade is withdrawn, it is usual to provide 
li *ijiiick-bri*ak d device. This geimrally consists of an auxiliary 
bhuit* pi voted on tin*, inner odgci of the main blade ; when the 
latter is withdrawn the auxiliary blade is held for a time by the 
coiitifict and t!te pull on a spring between the main and 

liiixiliary bhules iricrcmHes as the main blade is moved away. At a 
certain stage in tlie movement, the pull on the auxiliary blade 
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becomes so great that this blade leaves the contacts ; it is at tlii.s 
moment that the circuit is broken, and as the auxiliary bhnti leaves 
the contacts at high speed (whatever the speed of the Tuain hhide), 
there is very little destructive arcing. 

The inner contact may be at the hinge of the blades, but l)y 
using a separate pivot block (in line with two contacts whicth are 
used only as contacts) it becomes unnecessary to pass eurriuit 
through the hinge, and the further advantage of a double-break 
(§ 368) is obtained For very heavy currents (up to 15 OOO A) a 
number of switch blades are mounted on a common spindle and 
fitted with a common handle; the blades are interl(^av<‘.d with up- 
standing plates at the hinge, and when the switch is (dosed tlie 
blades penetrate between similar plates forming the fixed contact ; 
in switches of this type for 3 000 A or liriavitu* current, clatnping 
bolts are used to hold the blades in close contact with the contact 
plates. In the blade itself the current density may be 8()()- 1 ()()() A 
per sq. in., but at the contacts it slunild not exc(iod HO-lOO A per 
sq. in. of contact surface with spring clips. If the contact surfaces 
be clamped by a bolt, the current density is usually the same as 
for rubbing contacts save for the slight increase occasioned by the 
slot which is necessary in order that the bolt may be insc^rtcMl into 
the contact. 

Multipole knife switches consist of two or three bladcts insulated 
from each other, but coupled mechanically by a bridge |)i(»(‘e, or 
mounted on a square shaft, so that they can simultanciously be 
moved into or out of the circuit contacts of a 2- or 3-w!re cimiifc. 
This is generally the most convenient way of enstudng tliat a 
circuit is completely isolated from the supply; opening a switch 
in one wire of a 2-wire circuit, two win^s of a 3-wire circuit, 
interrupts the flow of current, hut the circuit remains * live ’ tlirough 
the switch in the other line. 

The contact blocks of knife switches may be providf*d with 
lugs for the 'front connection' of the circuit wires or they may 
have stems which go through the base or panel on whicdi the 
switch is mounted so that the leads may be attached by ' back 
connection.' The latter arrangement is safer and is generally em- 
ployed. In knife switclies with multi-blade contacts it is usual 
for the plates to pass through the panel and form the rear con- 
nection as well as the contact connection. This avoids joints in 
the fixed contacts and enables good contact to be obtained between 
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the strap conductors at the rear and the terminal of the knife 
switch. The use of screwed studs and nuts is to he deprecated for 
very heavy currents and the strap type of contact is generally used 
for circuits of 1000 A and upwards. 

A ‘ throw-over ’ knife switch is provided with two sets of cir- 
cuit contacts on opposite sides of the blade hinge. If the liinge 
block forms one of the circuit terminals, the switch can only be 
used as a two-way switch, for the purpose of connecting the circuit 
at the hinges to either of the two circuits which terminate at the 
other contacts. If, however, each blade has an independent pair 
of circuit contacts on each side of the hinge (the latter not carrying 
current), the switch can be used to complete either one of two 
circuits which may be electrically independent. The ' throw-over " 
knife switch is often useful in that it allows either, but not both, 
of two connections to be effected and thus, for example, prevents 
alternative sources of supply from being connected simultaneously 
to a circuit. In its 'off' position a tlirow-over knife switch stands 
perpendicular to the base on which the contact blocks are mounted. 

The common 'tumbler ' switch (Chapter 21 ) as used in house- 
lighting branch circuits is a quick-break knife switch, but for 
mechanical reasons the details of construction differ from those of 
the knife switches used for heavier currents. A spring-actuated 
quick-make mechanism is sometimes embodied in tumbler and 
knife switches (in addition to the quick break), to eliminate the 
sparking and overheating which would occur if the switch were 
closed very slowly. 

364. Horn- Break Air Switches. — An ordinary air-break 
knife switch is not suitable for use in high-voltage circuits, and is 
generally limited to pressures not exceeding 660 V ; but if such a 
switch be used in conjunction with a horn gap it is applicable to 
switching on high-tension overhead lines. One terminal of the 
horn gap carries one of the circuit contacts of the knife switch, and 
the blade of the latter is carried by an insulator attached to the 
operating mechanism. The switch blade carries the other horn 
and it is arranged that the main contacts open before the circuit 
is 'broken; the break occurs on the arcing connections, some 
distance away from the main contacts, and the arc is then ex- 
tinguished automatically (§ 346). The switch is operated from 
ground level by means of any convenient linkwork. Prior 
to the introduction of oil switches, horn-break air switches were 
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used on high-tension circuits in stations, hut they are now used only 
for outdoor service. 

365. Air-Break Circuit- Breakers. — Every switch breaks a 
circuit when it is opened, but the term ‘ circuit-breaker ' is reserved 
for mechanical devices which break (automatically unless otherwise 
specified) a circuit under abnormal conditions. These conditions 
may be low voltage, reverse power, overload or a combination of 
these, but a circuit breaker must be capable of interrupting ex- 
cessive current without injury, whatever the other conditions of 
the circuit. It is therefore necessary to make arrangements for re- 
ducing arcing to a minimum, both in degree and duration, and for 
preventing the main contacts from being damaged by such arcing 
as does occur. 

In this type of switch the circuit contacts are generally heavy 
blocks of copper mounted on a slate or marble base from which 
they are insulated by mica. The contact-making element is a 
laminated bridge piece built up from springy strips of phosphor- 
bronze or copper with a steel backing strip outside. The ends of 
this arched bridge piece are cut at such an angle that, when the 
switch is closed, the strips make end-on contact with the fixed 
contact blocks. The angle between the plane of the strips and the 
face of the contact blocks is about 45°,* so that as the laminated 
‘ brush ’ is pressed on to the contacts, usually under considerable 
mechanical pressure exerted by a toggle mechanism, there is a 
wiping and bedding action at the ends of the strips. The main 
contacts are thus ' self-cleaning ’ and the resilience of the laminated 
brush makes it possible to obtain good contact over a large area, as 
is necessary for heavy currents. In order that there may be no 
deterioration of the main contact surfaces by arcing, the moving 
system carries auxiliary copper contacts (electrically in parallel witli 
the main contact brush) which make contact before, and break 
contact after, the main brush. The moving system also caixies 
light fingers which terminate in renewable carbon blocks ; the 
latter make contact with similar carbon blocks on the fixed con- 
tacts before, and break contact after, the auxiliary copper fingers. 
Thus, referring to Fig. 75 {a), when the circuit breaker opens, the 


* This result is sometimes obtained by using a brush built up of flat strips, cut 
away at about 45'’ at each end, and bedding on contacts with inclined faces (c/. the 
faces of a mitred joint in a picture frame). 


Multiblade Knife Switch for Heavy 
CUHUENTS. 



Air-Break D.C. Circuit Breaker. 

Tlie breaker illustrated is rated at 2 000 A 
and is suitable for use on D.C. circuits up to 
6G0 V, The laminated main contact brushes 
are protected by two sets of copxier-to-copper 
auxiliary contacts and by carbon arcing- 
contacts. The mechanism is of the ‘ free- 
handi e^ type, and a quick break is obtained 
without the use of auxiliary springs, the 
breaker tripping free of tlie mechanism. The 
closing meclianism is of tlie toggle tyxie, and 
the tripping plunger (gravity controlled) rises 
freely before striking the trip lever. 


This type of switch has been standardised in sizes 
from 300 A to 10 000 A carrying capacity. The strips 
forming the contact jaws straight through the 
panel and form the terminals for connections at the. 
back. This decreases the number of joints and re- 
duces the voltage drop; also, the fixing bolts are 
independent of jiarts carrying current. The hinge 
and contact jaws on the sizes from 4 000 A upwards 
are provided with clamping bolts, and with a per- 
manent handle whicli eliminates the use of sxianners.. 


JU'itish Tlwtiv.on-Housion Co,, Ltd. 
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General Electric Co., Ltd. (London). 


Industrial and Flameproof Ironclad Switci-ies. 

These photographs afford an interesting comparison between an ironclad switch 
(on the left) designed for general factory service and one (on tlie right) designed for 
nse in mines or other places where the atmosphere may be explosive. In both in- 
stances the switcli is interlocked with the case so that the latter cannot be opened 
while the switch is closed, neither can the switch be closed while the ease is open. 
An insulating fireproof arc shield and barrier over the contacts eliminates tlie risk of 
•short-circuiting on overload. The case of the flameproof switcli is particularly robust, 
and the wide machined flanges of the joint cool the gases expelled in tlie event of an 
internal explosion, thus preventing the ignition of an explosive atmosphere outside. 
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main contacts, A, open first, without sparking since the current is 
simply transferred to the auxiliary copper fingers ; the auxiliary 
copper contacts, B, carry the load onl}?- for a small fraction of a 
second, and before they have time to become dangerously over- 
heated, they leave the fixed contacts, thus transferring the load to 
the carbon arcing tips, 0. The actual breaking of the circuit 
occurs as the moving carbon contacts leave the stationary ones. 
By this time the whole moving system of the circuit breaker has 
acquired considerable speed, hence there is a ' quick-break ’ between 
the carbon tips. Also, carbon is a ‘non-arcing ’ material (§ 66) and 
is much less damaged than copper tips would be ; when necessary, 
the carbon tips can be easily and cheaply renewed. The carbon 
tips are at the top of the switch so that the rising arc can damage 
no other part. 

Circuit breakers of the above type can be built to carry 
10^000 A or even heavier currents, 
and are used extensively in D.C. 
and A.C. systems, usually for 
pressures not exceeding 660 V. 

Circuit breakers for moderate 
currents (up to 250 A or so) may 
have simply the main contacts 
and carbon arcing tips, and the 
moving contact may be in the 
form of a wedge - shaped bar 
which engages between springy, 
tapered circuit contacts. 

In some cases a magnetic blow-out is added to assist in ex- 
tinguishing the arc. This consists of a powerful electromagnet,* 
P, Fig. 75 (6), which establishes a magnetic field at right angles to 
the length of the arc between the fixed and moving contacts at B. 
In this case the switch has only the main laminated contact at A 
and the renewable copper sparking tip at B ; it is not usual to 
employ carbon arcing tips as well as a magnetic blow-out. The 



Pig. 75. — Main and auxiliaiy contacts 
in air-break switches with laminated 
brushes (diagrammatic). 


* Connected between the circuit contact and the line so that it carries the 
current which is to be broken. If the current is alternating, the blow-out field 
reverses with the current and the blow-out action is unidirectional. Though theo- 
retically applicable to A.G. switches, the magnetic blow-out is generally used on 
D.C. switches only. The reactance drop in the magnet coil (which must be in 
series with the main circuit) is objectionable- where A.O. is concerned. 
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sense of the field is such that the arc, which is a current-carrying 
conductor, is driven upwards (§ 35) on arcing horns (§ 364) and, 
being thus lengthened, it is quickly extinguished. If there is any 
difficulty in providing a large clear air space for the dissipation of 
the arc, the surroundings (particularly any metal with which the 
arc might come in contact) must be protected by fireproof, insulat- 
ing shields. 

366. Ironclad and Flame-proof Air-break Switches. — The 

distinction between ironclad and flame-proof switchgear is mainly 
one of degree. A ‘ flame-proof ’ switch is enclosed by a case 
which will withstand without injury the explosion within it of a 
maximum-explosive mixture of methane and air (or an equivalent 
explosive mixture) ; also, it will not transmit ignition from the 
internal explosion to a surrounding atmosphere of explosive com- 
position under any conditions of service within its rating. These 
two requirements are fulfilled by making the containing case of 
great mechanical strength and by providing it and its cover with 
wide machined joints which permit the escape of gases produced 
by an internal explosion, but cool them well below the ignition 
point of the outer explosive atmosphere before the latter is reached. 
The term ‘ironclad,' on the other hand, is generally applied to 
switches which are not flame-proof, but which are enclosed by an 
iron casing sufficient to protect the switch against mechanical 
damage, tampering or accidental contact, and drippings of water, 
etc.* These distinctions are of a mechanical nature, and the same 
electrical considerations apply whether the switch be enclosed by 
light sheet metal or by a flame-proof, mining-type casing. The 
metal casing and the operating handle (if of metal) must be 
efficiently earthed. There must be adequate clearance and insula- 
tion resistance between all live parts of the switch and the metal 
enclosure ; an insulating barrier, acting as an earth shield, should 
be provided between the poles ; and an insulating lining should 
be fitted to prevent any arc which may arise in service from 
reaching the casing. The switch itself, which should be capable 
of interrupting safely at least 50 7o higher than its rated current 


* Hitherto the term * ironclad ’ has been used loosely to describe -switches which 
differed greatly in the degree of their protection against mechanical injury, weather, 
etc. It is obviously preferable to distinguish between mere mechanical protection 
(by expanded metal, etc.), total enclosure, drip-proof, and weather-proof protection, 
as in the case of electric motors. 
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differs only from the corresponding open type air-break switch in 
mechanical details to suit its enclosure. An interlock (§ 373) is 
necessary between switch and cover so that the security afforded 
by the latter cannot be lost by the switch being used with the 
cover open. 

Ironclad switchgear is commonly provided with a hemp or 
asbestos packing in the cover joint, but if any such packing be 
used in the joints of flame-proof switchgear a flame-proof vent 
must be provided in the casing for the relief of internal pressure. 
Cables are taken into the casing tlirough suitable weather-proof or 
flame-proof fittings, as the case may be, and the connections to the 
switch are on the face of the slate or marble panel which, carries 
the switch. 

Ironclad and flame-proof switches (single, double, or triple pole) 
are generally limited to currents not exceeding 500 A and pressures 
not exceeding 660 V, D.C. or A.O. Oil-break ironclad switches 
are ordinary oil-break switches (§ 367) in tanks of special mechanical 
strength. Oil-immersion eliminates the risks associated with open 
sparking and sometimes makes possible a smaller casing than is 
required by an air-break switch. 

367. Oil Switches and Circuit Breakers. — The terms 'oil 
switch’ and ' oil-irnmersed circuit breaker ’have been used indis- 
criminately in the past, but it is now recognised that the term oil 
switch should be applied only to non-automatic mechanical devices 
for breaking currents up to the rated capacity of the switcli 
(§ 371); whereas an oil-irnmersed circuit breaker is a mechanical 
device (automatic unless otherwise specified) for breaking the circuit 
under abnormal conditions such as those of short circuit. The 
constructional features of both types are described in § 368. 

The main advantage of oil immersion is the assistance obtained 
in quenching the arc which forms when the contacts are separated. 
The size of the arc is reduced by the cooling effect of the oil and by 
the hydrostatic pressure which the oil exerts upon the vapour 
column ; also, the head of oil above the contacts forces the in- 
sulating liquid between them at the earliest possible moment after 
their separation. In the case of alternating current the arc is 
momentarily extinguished as the current passes through zero, and 
the combined cooling, mechanical, and insulating effect of the oil 
is generally sufficient to prevent the arc from being struck again. 
Where direct current is concerned no assistance is obtained from 
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the form of the current itself (there is no natural recurrent zero in 
a direct current), hence the arc endures longer than where alter- 
nating current is employed. Tests have shown, however, that oil 
switches and circuit breakers are capable of interrupting direct 
current under load or short-circuit conditions at the same rating as 
for alternating current. The oil is soon blackened by carbonisa- 
tion, but the actual amount of carbon formed is only a small fraction 
of 1 7^ of the oil after the switch has operated thousands of times, 
and the properties of the oil, so far as extinguishing the arc is con- 
cerned, appear to be quite unaffected With the use of direct 
current at 1 500 or 3 000 V for traction purposes there is likely to 
be an increase in the use of oil switches in D.C. circuits ; there is 
not much inducement to use them in D.C. circuits up to 660 V,^ 
the air-break circuit breaker being quite satisfactory for such 
pressures, whether direct or alternating. Though air-break switch- 
gear in explosion-proof and jBlame-proof casings (§ 366) is quite 
safe for use in explosive atmospheres, it is sometimes more con- 
venient to use oil-immersed switches and, in such services, there is 
a field for D.C. and A.C. oil switches at all pressures. Probably 
the principal objection to the use of oil switches in D.C. circuits 
lies in the high voltage which may be induced when breaking a 
highly inductive circuit (§ 349). In an air-break switch, even 
with magnetic blow-out, the circuit is broken less rapidly than in 
an oil switch, and the inductive ‘ kick ’ is therefore lower. The 
importance of providing shunt discharge paths for the voltage in- 
duced in any highly inductive circuit (e,g. shunt motor field coils, 
brake magnet windings, etc.) has already been mentioned (§ 349), 
and is especially great where oil switches are used. 

368. Constructional Features of Oil-immersed Switches 
and Circuit Breakers. — The main components of any oil-im- 
mersed switch are the oil tank ; the insulators used to insulate the 
fixed contacts from the tank ; the moving contact or bridge-piece ; 
and the mechanism used to operate the latter (see also §§ 343, 372, 
373). 

The insulators carrying the fixed contacts are generally mounted 
on the cover of the tank, and for extra high voltage circuits (say 


*This has hitherto been about the highest pressure used in D.C. circuits, ex- 
cepting circuits on the Thury system (§ 317). In the latter, the main (series) 
circuit is never opened ; apparatus is switched ‘ out ’ by short circuiting its 
terminals ; the load current is coustant and is never broken. 
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over 33 kV) they are usually of the condenser type.* The 
terminal stems, connected to the conductors of the external circuit, 
are led through these insulators and terminate in the circuit con- 
tacts of the switch. The moving contact is in the form of a bridge 
piece which connects the circuit contacts when it is made to bear 
upon them. Generally the bridge piece is a solid bar or laminated 
brush of such cross-section that it will carry the heaviest currents 
which have to pass through the switch without dangerous over- 
heating. Sometimes, however, the bridge piece is of insulating 
material with a contact piece at each end to engage with the circuit 
contacts when the switch is closed; the moving contacts are then 
connected by a fuse or through a series trip coil either of which 
opens the circuit in event of overload (§§ 342-344, 375). The 
plane of the circuit contacts is horizontal (except in oil-immersed 
drum controllers and other special switches) and the bridge piece is 
raised or lowered, to make or break circuit by means of a rod pass- 



(cc) (b) 

Fig. 76. — Diagrammatic representation of double and quadruple breaks. 


ing through the cover of the tank. The operating rod is in- 
sulated from the bridge piece by micarta, bakelite, or other suitable 
material. Generally, the bridge piece, G, Fig. 76 (a), is used in 
conjunction with two circuit contacts AB; there are then two 
breaks, XX, in series when the switch opens, and if the rod, B, moves 
downwards at 5 ft. / sec. the total speed of breaking at the contacts 
is 2 X 5 = 10 ft. /sec. For extra high voltages two bridge pieces, 
CD, and four stationary contacts. A, B, B, F, may be used as shown 

*i,e. built up by alternate concentric layers of dielectric and metal foil, so as 
to form a number of condensers in series ; by suitably adjusting tbe capacity of 
each condenser the voltage distribution across the series can be made uniform 
(§ 289). The pressure gradient in a ‘bulk’ terminal insulator, consisting of a 
relatively thick mass of porcelain, moulded composition, etc., is far from uniform 
and the utilisation of the insulating material is correspondingly inefficient. Con- 
denser bushings are coming into general use for all oil-circuit breakers of large 
rupturing capacity for pressures of 11 000 V and upivards. 
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(diagrammatically) in Fig. 76 (b); if It niovoB (lownwanlH at. 5 it. / 
H(3C. tlie four breaks in series open at a tobxl speed of 20 ft. / hcc!. 
Wfiere the upward speed of an auxiliary contact is added to the 
downward speed of tlxe bridge piece (as in Fig. 78) tine total 8}>eiMi 
of breaking at a quadruple break may be 85-40 ft. / mv.. 

The circuit contacts are massive blocks if tlui moving (contact 
is of the laminated brusli type (§ 365), or springy clips if the mov- 
ing element has Vee-shaped laiife contacts. In tin; constnudion 
shown diagrarnmatieally in Fig. 77 (a), tlio main, laminatf^d t>nish 
contact opens first at A, and the arc is struck on the solid c^ipjier 
piece, B. which is spring-supported at S, makers butt contaett with 
the stationary contact block, and is easily renewabh^ wlnm r<‘(|nired. 
Carbon arcing tips ar (3 not suitable for use in oil. Jn Mg. 77 (/;) the 



wedge-shaped block, ii, and the springy fingera, /I , constitute the 
main contacts ; the auxiliary arcing cont^icts, separato after the 
main contacts; and by that time the piece, B, is moving so riipidly 
that a ‘quick break’ is obtained. In Fig. 77 (c), the moving con- 
tact, A, is of imrrow triangular section, and is fon^ed Imitween two 
solid contact blocks, BB, which are carried by laminabsl springy 
fiingers, G; arcing contacts (not shown) are fitted as in Mg. 76 (b). 
An ingenious method of increasing the sjKHid of breaking is illus- 
trated in Fig. 78; in the position shown the main butt eon tacts, 
AB, liave separated, but the auxiliary contact, L, whicli is forniiMl 
as a latch, is drawn down in engagement with tlie cliim, if, thus 
maintaining the circuit tlu-ough the switch. Meaiiwliile the spring, 
is being compressed by the downward movement of L, and when 





General Electric Co., Ltd. (London). 


Medium Voltage, Heavy Current Oil S\\utch. 

The illustration shows the C-.E.G. Type IHa switch (Table 52, § bTl) with its 
tank lowered and the contacts closed. The normal capacity of this switch is 1 000 A 
at 660 V. A specially long break is provided, and the clearances are on a liberal 
basis, actually exceeding the requirements of the B.E.S.A. specification. The tank 
is lined witli 5-ply birch which is divided into compartments so that the phases of 
the switch are separated. 
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Medium Voltage, Heavy Cuiirent Oid 
Switch. 


This switch is built; foi‘ rated carrying- 
capacities of 1 500 A and '2 600 A at G5'J V. 
The fixed contacts are of the laminated 
brush type insulated by a slate base which 
is supported by the iron framework. An 
arcing tip is provided on each fixed contact. 
The tank-lowering gear is operated by the 
hand-wheel shown. The switcli is closed 
by lifting the handle, engaging the switch 
mechauism, and pushing the handle down- 
wards. Opening by hand is effected by 
pressing the tripping lever on the handle. 
The switch can neither be closed under 
fault conditions, nor opened slowly at any 
time. The trip coils are fitted on the front 
of the board, below the operating handle. 


E.H.T. High-Power Oil Circuit Breaker for 
Bemote Electrical Operation. 

This circuit breaker is suitable for use on systems 
up to 35 OOO V where an arc-rupturing capacity of 
over 1 000 OOO kVA is required. The fixed contact 
studs are built on the condenser terminal principle 
(§ 36S) and are strongly braced together at the low'er 
end. The moving contacts are of special design to 
ensure that good contact is maiutained even when 
heavy fault-current is flowing. Wedge-type renew- 
able arcing tips are employed. The oil tanks are 
attached to the common cast steel frame by suspen- 
sion bolts ; four small retaining bolts are also fitted 
to facilitate the removal of the tanks by a combined 
carriage and lowering device. When the breaker 
opens on short circuit, clean air is drawn into the 
air chambers as the oil gases are discharged from the 
vents. The breaker is normally operated by sole- 
noids but can be tripped b}^ hand if necessary. The 
closing mechanism is a parallel-motion linkwork 
fitted on each side of the flexible hinge to balance the 
closing forces. Ho live metal is accessible when the 
breaker is in service, hence no side barriers or protec- 
tive doors are required on the circuit breaker side of 
the structure when this unit is used with stonework 
cubicles. The lead-in connections are in compound- 
filled boxes and pass through the rear wall to the 
isolating switch and terminal cells. 

Metropulitan-Vlckers Electrical 6b., Ltd. 




JaluiSd/i cC’ Phillips, Ltd. 
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the main contacts are 6 or 7 ins. apart, and moving at high speed, 
the spring withdraws L from the clips, and pulls it upwards rapidly. 
The speed of separation of L and M is the sum of the upward speed 
of L and the downward speed of M, The same figure also shows 
the shield, D, fitted to the lower end of the condenser terminal, jP, 
to screen it from the arc ; and the smoofch-profile corona shields, 
(7, which prevent corona discharge from the sharp edges of the 
contacts. 

An important factor in the design of switch contacts is their 
behaviour under the mechanical forces de- 
veloped by short-circuit currents. As 
explained in § 338, the mechanical force 
due to the field round the conductors of a 
closed circuit tends, to increase the area 
enclosed by the circuit, hence a laminated 
brush contact of the type shown in Fig. 79 
is subjected to forces, FF, which tend to re- 
duce the mechanical pressure at the contacts, 
and may cause the contacts to become 
overheated and welded together. With two 
inverted brushes as in Fig. 80, bearing on 
an intermediate contact block, 0 , the forces, 

FF (tending to enlarge the circuit), now 
press the brushes more firmly into contact. 

The converse action, i.e. attraction between 
conductors carrying current in the same 
direction (§ 338), causes the fingers A, B 
(Fig. 81), to bear more heavily upon the 
intermediate contact G, Contacts which 
are self-closing under electromagnetic forces are naturally to be 
preferred.* 

In all the cases illustrated by Figs. 77, 78 the circuit contacts 
are carried by the cover of the switch tank, and the switch is 
opened by the moving contact or bridge piece travelling down- 
wards from the fixed contacts. This is the usual arrangement, 
and has the advantage that when the oil tank is lowered the whole 



Fig. 78. — ^Main and auxi- 
liary contacts of Metro- 
politan Vickers oil-im- 
mersed circuit breaker. 


* The three examples cited are reproduced from ‘ Mechanical and Electrical 
Effects of Large Currents on Switchgear,* 0. C. Q-arrard. Jour. Vol. 

60, p. 887. 
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of the switch is accessible for inspection or repair ; it must, how- 
ever, be isolated by an isolating switch (§ 362) before it is touched. 
Sometimes the circuit connections are made through insulators in 
the bottom of the tank and the moving element travels upwards 
to open the circuit ; this arrangement has the advantage that the 
tank is shallower (for a given head of oil over the break) than if 
the moving contact travels downwards. Also, the moving con- 
tact and its operating mechanism can be inspected whilst the live 
circuit contacts remain submerged ; on the other hand, the tank 
must be emptied before the circuit contacts can be reached and 
even then they are not easily accessible. 

The formation of dangerous switching surges (§ 349) may be 
prevented by placing 'buffer resistances’ in circuit temporarily 




Fig. 79. — The electromag- 
netic forces, F, tend to 
open the contacts. 


Fig. 80. — The electromagnetic 
forces, F, improve the contact 
between the brushes and the 
block, G. 


Fig. 81.-“Electro- 
magnotic at- 
traction be- 
tween A and 
B increases the 
contact pres- 
sure on C. 


before the main contacts of the switch close and after they open. 
This precaution — which renders less sudden the growth or decay 
of the magnetising current of machines or transformers, or the 
charging current of cables — may be effected by the use of auxiliary 
' charging contacts ’ on the main switch. Like the auxiliary arc- 
ing contacts, the charging contacts make contact before (and open 
contact after) the main contacts, but the same auxiliary contacts 
cannot be used both as arcing and charging contacts"; for whereas 
the arcing contacts have to carry the full main current tempor- 
arily, the charging contacts are in series with a high non-inductive 
resistance which acts as a ' buffer ’ when switching on or off. 

If desired, auxiliary switches can be fitted to oil switches so 
that they open or close relay, signalling or other auxiliary circuits 
synchronously with the operation of the main switch. 
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Notes on the operating, tripping, and interlocking mechanism 
of switches are given in §§ 372, 373, and further information on 
constructional factors which influence the breaking capacity of oil 
switches are given in § 371. 

369. Air and Oil-Switch Ratings ; Current Densities. 

— The rated capacity of air-break switches and circuit breakers ^ is 
the largest current (at rated frequency in the case of A.C.) which 
they will carry continuously under the required conditions of 
service without exceeding 30° C. temperature rise (20° C. rise in 
the case of switches rated below 100 A), the temperature of the 
surrounding air being not higher than 40° C. When determining 
this temperature rise : (a) For switches of 2 000 A or lower rating 
— the connecting cables should be operated at a current density 
conforming with Table 40 (§ 280) where this is applicable; or 
should be copper straps run at 1 000 A / sq. in. (b) For switches 
rated above 2 000 A — the connections should be such that the 
temperature rise in them is not less than 80 % or more than 
100 °/g of the rise permitted in the switch. The object of these 
clauses is to eliminate abnormal heating or cooling of the switch 
by thermal conduction from or to the connecting leads. The 
permissible temperature rise (measured by thermometer) in trip- 
ping, closing, and blow-out coils under service conditions is 50° C. 
for cotton, silk, paper, etc., impregnated and for enamelled wire; 
and 70° C. for micanite, asbestos, and bare coils. 

The carrying capacity or rated current of an oil switch or oil- 
circuit breaker is the heaviest current (at rated pressure and fre- 
quency) which it will carry without the temperature rise (at the 
hottest part of the oil or at any part of the switch outside the oil) 
exceeding 30° C. (40° 0. for switches or circuit breakers rated 
above 2 000 A) above an air temperature not exceeding 40° C. 
(or 80° C. total temperature if the air temperature exceeds 40° C.). 
The provisos made in the preceding paragraph regarding current 
density in connections are applicable here also, 

A complete statement of the rating of an oil switch or oil- 
circuit breaker includes the carrying capacity in amps., the rated 


* The notes in this paragraph are based upon B.E.S.A. Reports, Nos. 109, 110 
(Air-break Knife Switches, Laminated-brush Switches, and Circuit Breakers, for 
not higher than 660 V ; excluding totally enclosed and flame-proof types), but the 
actual specifications should, of course, be consulted when the precise terms and 
ponditions are of importance. 


527 


§ 370 ELECTRICAL ENGINEERING PRACTICE 

voltage and frequency, and the breaking capacity in kVA (§ 371). 
The current rating may be increased as the frequency decreases, 
and must be decreased as the frequency increases, by an amount 
which depends upon the design of the switch ; in a particular 
case, a switch rated at 600 A, 50 cycles was rated at 800 A, 25 
cycles. The highest standard voltage rating at present contem- 
plated in this country for oil switches is 165 000 V , but switches 
can be built for higher voltages if required. 

The maximum permissible current densities in the various 
parts of a switch or circuit breaker are those which are consistent 
with the temperature rises specified above, and which permit the 
switch to operate indefinitely without undue deterioration of the 
contacts. Many factors bear on these points, hence it is impossible 
to give definite figures for the current density ; but as a general 
guide it may be taken that 600-1 000 A / sq. in. of section is per- 
missible in connections, switch blades, and bridge pieces, the 
lower value being used for currents of 3 000 A or over ; whereas 
75-100 A / sq. in. of contact surface is a reasonable allowance 
where spring clips and blades are concerned, rising to 400 or 600 
A / sq. in. of contact surface in the case of contacts subjected to 
high mechanical pressure (by bolting or by toggle mechanism 
etc.). All contact surfaces should be formed on relatively heavy 
masses of metal in order that the contacts may have considerable 
capacity for heat ; this greatly affects the breaking capacity of the 
switch (§ 371). 

370. Breaking Capacity Required in Circuit Breakers.— 

The breaking (or rupturing) capacity of an oil switch or circuit 
breaker is the maximum kVA which it will interrupt at rated 
voltage. It is given numerically by the product nEI / 1 000 ; 
where E = rated voltage ; / = the actual current at the moment 
of separation of the contacts ; and n = 1 for single-phase, 2 for 
2^phase, and 1*732 for 3-phase systems respectively. The most 
severe conditions under which a circuit breaker can be required 
to act are those of short circuit. As explained in § 339 it is not 
easy to calculate accurately the current flowing under short-circuit 
conditions, and in the case of circuit breakers, the problem is 
further complicated by the fact that the current to be determined 
is that which is flowing at the moment of separation of the con- 
tacts. If the contacts opened instantaneously on the occurrence 
of a short circuit they might be called upon to break 1ft Qi: eyept 
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20 times the total rated kVA of the generators connected to the 
system (§ 339); if) however, the contacts open -}■ sec. after the 
incidence of the short circuit they will not he required to inter- 
rupt more than, say, 6 times the total rated kVA capacity of the 
generators feeding the fault (assuming the generator reactance to 
be 10 ; see § 340) ; whilst if the opening of the contacts be de^ 

layed for, say, secs, by an artificial time lag, the current to be 
broken will probably be that corresponding to about 3 times the 
rated kVA capacity of the generators, i.e, it will be the steady 
short-circuit current of the system. 

The current flowing at the circuit breaker 8 (Fig. 82) is limited 







C:1 

TS- 




V B 


Circuit 


Fig. 82. — Short circuit at the far end of a feeder connected to a single generator. 



Fig. 83. — Short circuit on a feeder connected through reactance coils to 
several generators in parallel. 


by the reactances and resistances in the complete circuit, GABG, 
between the generator and the short circuit, including the react- 
ance of the generator itself. In the case of a circuit breaker at a 
power station, maximum current flows when the short circuit is 
at XY (Fig. 82) immediately beyond the switch. The reactance 
in circuit is then only that of the generator plus that of any 
protective reactance (§ 340) or transformer which is connected 
between the generator and the circuit breaker. 


Suppose that the rated capacity of the generator is 10 000 kVA, that the 
generator reactance is 10 °/o {i,e, reactance drop at full load = 10 °/o normal 

VOL. I. 529 34 




§ 370 ELECTRICAL ENGINEERING TH 

voltage, see § 340), and that the external reactance is 4 
kVA at the moment of short circuit = 10 000 / (yVV + i t 
The kVA to be interrupted by the circuit breaker, assuuii 
fallen to 0*6 of its initial value by the time the contacts €* ] 
42 860 kYA. 

Even in such a simple case as that consifl* 
ing example there is considerable latitude for 
because it is necessary to assume the extent hr 
will have decreased at the moment of open! 1 3 
the extent to which the voltage is lowered as ih 
circuit. For example, if there be high exteri a 
delays the demagnetising of the alternator fi(*l 
current may still be 75 7o initial value J 
circuit breaker (in the example chosen) iiii 
0-75 X 71 430 = 53 500 kVA. A considerable 
essential to allow for this uncertainty, and 
normal pressure surges, resonance, etc. 

In practice it is often difficult to determini* 
ance of a short-circuited system (upon which 
value of the short-circuit kVA). The general n 
may be illustrated by considering a short-circi 
immediately beyond a circuit breaker, S, 
through reactances, L, to bus bars on which thr« 
Cy are connected in parallel. These generatoi’^ 
respectively, of 5 000, 4 000, and 3 000 kVA n 
12 000 kVA. The total current flowing at - 
kVA at rated voltage) could be calculated by 
bar voltage to be applied to a total reactance of ( 
a = total reactance of the two coils L ; and b 
ance of the three generators in parallel. H 
reactances of generators, reactance coils, feeden 
expressed as percentages (see § 340) it is siiii] 
basis, but it must be remembered that the ‘ 
of any machine or circuit is referred to its o i 
if the actual load is greater, the percentage ri a 
creased in the ratio of the actual load to ill 
following example will make this clear * : — 


*For many other examples of short-circuit calculafci 
plicated networks, the reader may be referred to an excel! e: 
in the Metropolitan Vickers Gazette^ June, 1921. 




SWITCHGEAR AND SWITCHBOARDS § 370 

The total kVA capacity on the bus bars in Fig. 83 is 12 000 kVA, and if the 
reactance of generator A is 10 °/o (t>ased on its own rating of 5 000 kVA) it is 
(12 000 / 5 000) X 10 = 24: % with reference to the bus bar kVA. Similarly, if 

the reactance of ^ be 8 and of C be 12 %, their reactances referred to 12 000 
kVA are (12 OOOy 4 000) x 8 7^ = 24 and (12 000 / 3 000) x 12 7^ = 48 7^ re- 
spectively. Adding the reciprocals of these reactances we have -j- 
which is, itself, the reciprocal of the equivalent reactance of the three generators 
in parallel. Thus, referred to the bus bar capacity of 12 000 kVA, the effective 
reactance of the three generators is = 9-6 Again, if the total reactance of 
the two coils, L, be 5 °l^ on a 5 000 kYA rating, it is (12 000 / 5 000) x 5 7^ == 
12 7o with reference to 12000 kVA. Under these conditions the initial kVAat 
the short-circuit = 12 000 x 100 / (9*6 4 - 12) = 55 000 kVA. As the total react- 
ance in circuit is rather high (21*6 7o) i^i-ay be assumed that the kVA to be in- 
terrupted when the contacts open in i sec. is 0*7 x 55 000 = 38 500 kVA. 

For a switch, at position S (Fig. 83), there is always a possibility 
of a short circuit at X7, close to the switch, hence this condition 
should be assumed when calculating the breaking capacity required, 
but for a switch at the far end of the lines FQ, the reactance and 
resistance of the latter must necessarily be between the switch and 
the power station and should therefore be included in the calculation, 
the percentage reactance of the line with reference to its own rated 
capacity being increased to correspond to the bus bar kVA as in 
the preceding paragraph. The calculation of the actual reactances 
of cables and overhead lines (from which the " percentage reactance ’ 
at once follows) is discussed in Chapter 14. 

In the case of a short circuit at the far end of a line, the im- 
pedance of which is high compared with that of the generators, 
the kVA to be interrupted is determined almost entirely by the 
impedance of the line, and it may then be assumed that the bus 
bar voltage remains constant, so that the kVA to be interrupted is 
equal to the initial kVA and is given by (Rated kVA of line x 
100 / Percentage impedance of line). If, however, the line im- 
pedance be low compared with that of the generators it is necessary 
to allow for the impedance of both ; and in this case the kVA to 
be interrupted is, say, 75 7o initial kVA owing to the fall 

in voltage caused by demagnetisation of the generator field. 

For example, suppose that a feeder rated at 1000 kYA has 3 7o reactance and 
4 7o resistancse (referred to its own rating in both cases) and suppose that this 
feeder is connected to a 3 000 kYA station in which the generator reactance is 
10 °/o. On the basis of 3 000 kYA, the feeder reactance is (3 000 / 1 000) x 3 7^ = 

9 7o 3 resistance is (3 000 / 1 000) x 4 7© ~ total reactance is 

thus (9 + 10) =3 19 7o resistance (neglecting that of the generator) is 12 7©- 

The percentage impedance is therefore x/[(12)‘-* -t- (19)^] = 22*5 7© and the kYA to 
be interrupted is 0*75 x (3 000 x 100 / 22*5) = 10 000 kYA. 
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In the absence of definite information it is usually safe to as- 
sume that the ' shorfc-circuit reactance ' of a modern alternator 
is 10 7o ^ transformer about 4 7o> reckoned on the 

rated capacity of the generator or transformer as the case may be. 
The ' short-circuit reactance ’ may be less than the reactance under 
conditions of normal magnetic fllux density and is equal to (100 / x) 
7o, where x — Current on dead short circuit at rated voltage / Rated 
full-load current (§ 340). 

Though the methods explained above provide a convenient 
means of estimating the kVA to be interrupted, the duty actually 
required from the switch varies widely according to the point in 
the voltage wave at which the short circuit is established, and ac- 
cording to the point in the current wave at which the contacts are 
separated, 

371. Factors Determining Breaking Capacity of Oil 
Switches. — The breaking capacity (kVA) to be provided in a 
circuit breaker may be calculated approximately as explained in 
the preceding paragraph, and it is usual to require that the circuit 
breaker should be capable of interrupting the kVA thus calculated 
twice in rapid succession, and thereafter be at once capable of 
carrying normal full load. The principal factors influencing the 
breaking capacity of an oil switch are : (i) The form and mass of 
the contacts, and the mechanical strength of the switch components, 
(ii) The speed of breaking contact, the number of breaks in series 
per phase, and the total length of break per phase, (iii) The 
clearance between phases and between live metal and earthed 
metal (the tank) below oil and in air. (iv) The volume of oil in 
the tank and the head of oil over the contacts at the moment of 
opening ; and the suitability of the oil employed, (v) The amount 
of air space above the oil and the eflScacy of the vents for the dis- 
charge of oil vapour, (vi) The mechanical strength of the tank 
and its supports. 


The contacts must be massive to prevent their attaining a dangerously high 
temperature during the arcing period, and thus to lessen the amount of metal 
vaporised. The contacts should not be forced apart by electromagnetic forces 
(§ 369) and no conductor in the switch should be capable of deformation by the 
mechanical forces developed under short-circuit conditions (§ 338). 

A quick break reduces the heating of the contacts at the moment of separation, 
thus reducing the stability of the arc, and extinguishes the arc more rapidly, thus 
reducing the volume of vapour produced. Other factors being equal the arcs at a 
multiple gap are less stable than the corresponding arc at a single gap ; and the 
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greater the total length of break, the less chance there is of the arc persisting. 
The disposition of the conductors in some oil switches is such that there is a 
magnetic blow-out effect (§ 365). 

The clearance from phase to phase, and between phases and earthed metal is 
always of importance as regards insulation under normal conditions ; and it is of 
special importance when the contacts open under excessive load, because the arc 
may produce a short circuit between phases or to earth if the clearances be not 
ample. Barriers of insulating material between phases and insulating linings in 
the tank reduce this risk : the barriers may be of 3- or 5-ply non-resinous wood 
(birch or maple) ; resinous wood is apt to cause the contacts to become foul and 
possibly cause sticking. For pressures above 6 600 V (or at lower pressures if the 
current be heavy, say, 1 000 A or over) the circuit breaker for each phase is often 
placed in a separate tank ; the single-tank construction is sometimes used, mainly 
on the Coutinent, for 33 000 V switches of small rupturing capacity. 

A large volume of oil in the tank prevents the oil from being heated to a 
dangerous temperature (§ 369) and a considerable head of oil is required above the 
point of rupture in order that there may be sufficient hydrostatic pressure to 
compress the vapour column of the arc and to drive oil forcibly between the con- 
tacts; also, in order that no incandescent gas or vapour may escape from the oil. 
The air space above the oil in the tank acts as a buffer, and it must be vented, by 
pipes leading away from any place where oil vapour would be dangerous, so that 
vapour can escape easily but so that no oil can be driven out by the explosive action 
of the arc. 

The general requirements to be fulfilled by oil for use in switches are stated in 
§ 77 (1). Where oil switches are exposed to severe cold it is usual to provide 
thermostatically controlled electric heaters in the oil tank to prevent the oil from 
becoming so viscous that it no longer performs its functions properly. 

The oil tank is generally constructed of sheet steel or boiler plate with welded 
joints, or of solid drawn steel. If the switch is to be of large rupturing capacity, 
the tank should be capable of resisting an internal pressure of 500-700 lbs. / sq. in. ; 
and the cover and the attachments between tank and cover must be equally strong. 
Unsupported fiat surfaces must be avoided in the tanks and where necessary the 
tank must be reinforced by rolled steel bands or by a cage of angle or channel irons 
and tie rods. In large, high-voltage, outdoor switches, the tanks usually stand on 
the floor ; arrangements should then be made to ventilate the bottom of the tanks 
to prevent rusting. In large switches, the tank dimensions are sometimes 5 or 6 ft. 
dia. X 7 or 8 ft. high. For all but low and medium voltages comparatively slight 
modifications are sufficient to render oil-circuit breakers suitable for outdoor service, 
thus saving the cost of buildings. 

An explosion chamber in the form of a small cylindrical chamber open at the 
bottom is sometimes placed round each circuit contact of a circuit breaker. This 
chamber confines the arc, and is capable of resisting an internal pressure of 700- 
1 000 lbs, / sq. in. The vapour formed by the arc is driven downwards and in 
escaping it drives oil from the chamber on to the receding contacts, thus helping 
to cool them. 


Table 52 gives leading particulars of standard oil-break switches 
by the General Electric Company (London), and will repay a care- 
ful study. Oil-circuit breakers for higher voltages and for higher 
breaking capacity are of course available if required up to, say, 
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600 A carrying capacity at 115 kV and 400 A at 155 kV, with 
breaking capacities up to 1500 000kVA. Though the current- 
carrying capacity of a switch is greater at lower frequencies 
(§ 369), it is probable that the breaking capacity is greater at 
50 cycles than at 25 cycles / sec., the current passing through zero 
more frequently and the energy developed per half-cycle being less 
at the higher frequency. 

Table 52. — Breaking Capacity of Oil-Break Switches. 

{By Courtesy of the General Electric Co., Ltd.). 


Type. 

Maximum 

Breaking 

Capacity.* 

Carrying- Capacity. 

Total 

Head 

of 

Yolume of 

Weight 

With- 

Operation. 
D = Direct 

Volts. 

Amperes. 

Break. 

Oil. 

Oil. 

out 

Oil. 

E = Elec- 
trical. 


kYA. 

Y. 

A. 

Ins. 

Ins. 

Gals. 

Cu. Ins. 

Lbs. 


I 

15 000 

3 300 

100 

4 

5 

3 

860 

126 

D 

II 

30 000 

3 300 

200 ; 300 

4 

5 


1300 

168 

D 

IlA 

30 000 

660 

400 ; 600 

ii 


44 

1300 

174 

D 

III 

52 000 

r 3 300 
\ 6 600 

400 ; 600 

200 ; 300 

6 

a 

8 

2 280 

230 

D 

IIIa 

52 000 

660 

800 ; 1 000 

Si 

4 

8 

2 280 

240 

D 



C 3 300 

1 000 1 






lY 

100 000 

6 600 

600 . } 

7 


15 

4 200 

290 

D ox E 



111 000 

100 J 






IYa 

100 000 

660 1 

1200; 1500\ 
2 000 ; 2 500 / 


54 

15 

4 200 

340 

D 



? 3 300 

800 ; 1 OOOl 







IYt 

125 000 

{ 6 600 

400 ; 600 \ 


8 

17 

4 750 

480 

D ox E 



111 000 

100 J 






Yt 

200 000 

rii 000 
\22 000 

200; 400 \ 
200 J 

10 

10 

39 

11 000 

560 

D ox E 



r 3 300 

300; 600;^ 
1000; 2 000 







YIt 

350 000 

I 11 000 

1 22 000 

300 ; 1 000 
200; 300; ’ 

12 

11 

66 

15 000 

2 200 

E 




600 









U3 000t 

200 J 







YIIt 

j 800 000 

33 000 

200 ; 400 

20 

14 

150 

42 000 

5 376 

E 


Operating and Trip Mechanism of Switches.— In the 

simple isolating and knife switches we have merely a pivoted blade 

* Here calculated as (Current flowing at the instant of rupture x Normal 
voltage between phases x 1 000). The switches are suitable for use with an 
instantaneously acting release on a total generator capacity = -I of the breaking 
capacities given. The factor of safety of the switches under these conditions is 
greater than 2, thus allowing sufidcient margin to deal with the instantaneous short- 
circuit current should this coincide with the instant of rupture of the current. 

f With neutral earthed ; these switches may only be used up to 22 000 Y if the 
neutral is insulated. 
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which is turned about its pivot and pushed into (or pulled out of) 
engagement with the stationary contacts, either by means of an 
insulating handle on the blade or by rotating a square shaft which 
acts as the pivot for the blade. In oil switches, where a contact 
bridge piece of the blade type has to be moved perpendicularly to 
or from spring clip contacts, the bridge piece is carried by an 
operating rod which is pulled up (to close the switch) by a bell 
crank mechanism, against the control of powerful springs. Power 
to close the switch is applied by hand (generally near the switch 
but sometimes at the far end of a series of bell cranks and rods if 
remote control is desired) or by means of an electromagnet. In 
either case the mechanism is designed so that a convenient force 
and moderate displacement at the point of application of the power, 
give the desired movement of the contacts and a suitable pressure 
between the closed contacts. It is necessary to provide not only 
for suitable pressure between the contacts (which pressure must 
be high where laminated brushes are used) but also for the com- 
pression of springs which are powerful enough to open the switch 
rapidly ; in the case of blade and spring clip contacts the operating 
springs must be powerful enough to overcome the friction between 
the contacts and still leave a net force sufficiently great to accelerate 
the moving parts rapidly. Any switch which is required to open 
automatically, in the event of predetermined abnormal conditions, 
must be provided with some form of latch, the opening of which 
leaves the moving system free to be displaced by the compressed 
operating spring ; also, the operating handle must be ‘‘ free ” in 
the sense that the switch cannot be held closed if the circuit con- 
ditions are such that the trip mechanism operates. The force 
required to close the switch and the force stored in the compressed 
spring ready to open it are of considerable magnitude, especially 
in heavy current switches with laminated brushes ; and, while it is 
necessary that the closing force should normally exceed the opening 
force, it * must be arranged that a relatively small tripping force 
will release the mechanism. In this connection the toggle mechan- 
ism is particularly useful. 

Referring to Fig. 84, the laminated brush, A, is pressed on to the contacts, BO, 
by the linkwork, DEF, which is so designed that when it is moved to the right from 
the dotted position a, 6, the rod, D, is moved vertically upwards. The pressure 
between A and BC is a maximum when the links, EF, are in line with D, but this 
position, is unstable, so the mechanism is pushed over until the links, EF , rest 
against stops, XY. The pressure between the conteucts is still considerable, but the 
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resultant force at G is relatively small hence application of a relatively small force 
opposed to G will bring the links first to the vertical position and then to the left 
of it thus breaking ’ the toggle and allowing a compression spring (not shown) 
on the spindle, D, to open the contacts rapidly. 

If A bears upon each contact, B, 0, with a force of 50 lbs. the total thrust in D 
(see enlarged diagram of forces, Fig. 84:) is 100 lbs. The thrust in E = 100 / cos 
= 100 y 0- 999 = lOOT lbs. = thrust in F. The resultant of the thrusts in E and 
F = 2 X lOOT X sin 2J° = 8*73 or, say, 8f lbs. If a pull, H, greater than 8| lbs., 
be applied as shown, the apex of the toggle will move to the left and the toggle 
will be ‘ broken.* So long as the links, EF, are to the right of the vertical, against 
the stops, the mechanism is stable. 

The valuable property of this mechanism is that a small lateral (closing) force 
is sufficient to produce a high pressure (lb. / sq. in.) between the contacts, whilst an 
equally small (tripping) force is sufficient to release the mechanism. 



Fig. 84:. — Diagrammatic representation of toggle mechanism. 


Mannal operation is simple and convenient in the case of small 
and medium sized switches, the whole switchboard occupying 
comparatively small space and the connecting linkwork between 
the operating handle and the switch being light and easily 
manipulated. Where high power, high voltage switches are’ 
concerned, however, it may be necessary to place the switches 
some distance away from the control board in order that the 
switches may be housed safely and conveniently, and in order that 
the control board for the whole of a large plant may be reduced 
to conveniently small dimensions. Switches may be operated by 
hand from a considerable distance through a series of rods (or 
steel tubing) connected by bell cranks where required, but this 
system of remote control does little to reduce the dimensions of 
the control board ; moreover, it demands increased physical effort 
on the part of the operator. In such cases electrical remote 
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control offers obvious advantages ; * the switch is closed by aid 
of a closing solenoid and plunger under the control of a simple 
press button on the operator’s master-switchboard. With another 
method, the closing button starts a servo-motor which compresses 
or stretches a spring ; when fully ‘ loaded ’ the latter is released, 
thus closing the main switch. Low voltage D.C. (say 100 V) is 
used for the closing solenoid or motor. It should be arranged 
that if the switch is tripped automatically directly it is closed (as 
when it is closed on a fault), the closing button has to be pressed 
again before the closing coil will again operate ; this is the 
equivalent of the 'free handle’ mechanism and prevents the 
closing coil and trip coil from closing and opening the switch 
repeatedly. 

By arranging the linkwork (between the operating rod and 
the contact-carrying rod) inside the switch cover a ' clean ’ 
design is obtained and the linkwork is protected. Wherever 
possible the springs which open the switch should be in duplicate ; 
each should be capable of operating the switch without the help 
of the other, and there should be no tendency for the mechanism 
to ' bind ’ in the event of one spring breaking. Current must 
never be passed through a spring f ; if there is any risk of this 
occurring the spring should be short-circuited by a flexible lead or 
auxiliary contact pieces. 


* An extreme example of the possibilities of electrical remote control of switches 
is to be found in the ‘ Handyell ’ system of remote switching on supply station 
networks without the use of pilot wires or special cables. Each of the switches to 
be controlled is provided with a device consisting of a magnet coil and a condenser 
which are connected permanently in series across the supply mains. At the normal 
voltage and frequency of the system no appreciable current flows through this 
operating device, but when a ripple of frequency corresponding to the tuning of 
the relay on the switch to be operated, is sent out from the central station through 
the ordinary supply mains, a current flows by resonance (§ 47) in the relay circuit 
and the main switch at that point is operated. The controlling ripples are produced 
by an auxiliary motor- generator and may be of any frequency from, say, 200 to 500 
cycles / sec. ; they do not affect the ordinary supply in the least, are applicable to 
D.C. or A.C. systems, and are transmitted effectively through transformers and miles 
of underground cable. Transient disturbances due to short circuits, surges, etc., do 
not affect the tuned relays, and any number of switches can be controlled selectively 
by varying the frequency of the controlling ripples. 

t Apart from the danger of the spring being heated and softened by current 
passing through it, the mechanical attractiou between turns when carryiDg current 
(§ 338) —increases the pull of a tension spring, and reducing the thrust of a com- 
pression spring — may prevent the spring from acting at the desired moment or 
in the desired manner. 
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Whatever the type of switch aad closing’ 
tripping mechanism operates by leaving the ^ 

the switch free to be withdrawn from the ^ 

spring or springs provided for the purpose. ^ ^ <^otie 

by ^breaking’ a toggle .mechanism or othei’VST'xSO 

straint from the switch contact-piece by rel<3^‘- ^ 

some kind, at some point in the mechanism 113 ^ Isolds 

the switch closed. This latch may be released by" 

of the plunger of a trip-solenoid or by the bucfeli^^ 0:f 

strips which carry the main current and release 

event of snstainecl overload. A thermally-operat;^^ ^ 

of this type has an inverse time element (§ 3^^) T^een. 

applied successfully to air-break circuit-bren-dcB 0:5 

capacities from 15 to 250 A, at low or medium. 3D - 

AC. 

In order that a mechanical trip gear may t>e t>y" 

plunger of a low-power trip coil (the latter being by^ any 

one of a number of relays, § 344) it may have to b e -bla^ form 

of a multiple lever so that a small force at tlxo oxerts 

considerable force at the actual point of tripping- T'Jao XTreobra^xiical 
details of trip mechanisms vary greatly and nee<i xxo-t, bo cioso^ribed. 
The H^ain essentials are that the gear should bo ^itboub 

being liable to operation by vibration; and tl"n:%t iti shotald be 
capable of accurate adjustment and free from sl^xolcxi^ss or- sti oiling. 
Hard steel inserts reduce wear at the trigger amcl I nfccii, a.ri.cl brass 
sleeves and washers prevent ‘ rusting up.’ If ib i« ^iri7€trige<d that 
the switch is always opened (whether deliberate! oir amhomOibioally) 
by means of the trip gear, the latter is kept in firoo vv'oirlciri.g order. 
The tripping mechanism should always be at fclxo B^witjoh., so that 
the mass of moving parts to be accelerated by fclio sp>r-irrgs ‘which 
open the switch is reduced to a minimum, lbxit> it shtould be so 
placed with regard to the live parts that it cam be inspoctetci and 
adjusted whilst the switch is in service. 

The British standard limits of operation for* closing anc3 trij)- 
ping coils, low-voltage, overload, and reverse devices for £ 1 , 117 - and 
oil-break circuit breakers are given in Reports TSTos. HO and 116. 
Sometimes the overload trip coil can be actuated diireobly^ from the 
main circuit (through a current transformer, § X08„ if ^^cse^Bsary), 
but the advantage of controlling the tripping- by that 

the latter are built as precision instruments and make 
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possible very accurate control. Overload and low voltage tripping 
are the minimum automatic features which should be provided on 
circuit breakers, and there is no difficulty in applying also reverse 
power, leakage, and various selective systems of protection {see 
Chapter 15). 

The time elapsing between the incidence of a short circuit or 
other fault and the opening of the main circuit breaker is an 
important consideration. As explained in § 344 a definite or an 
inverse time lag may be introduced deliberately in the action of 
the relay, but in the case of an oil-immersed circuit breaker 
intended to open 'instantaneously' on short circuit, the relay 
closes and the trip coil is fully energised within say OT sec., and 
the main contacts are separated within say 0*2 sec. from the 
incidence of the short circuit. The arc is generally extinguished 
in less than 1 cycle {i.e. less than 0*02 sec. in the case of 50-cycle 
A.C.) after the arcing tips separate and in no case should it persist 
for more than a few cycles. The moving parts of the switch are 
accelerated, moved to the end of their stroke, and brought to rest 
in less than 1 sec., and in order that there may be no violent 
mechanical shock at the end of the stroke, the moving parts are 
generally brought smoothly to rest by arranging that the tubular 
guides act as dashpots, or by equivalent means. 

D.C. generators and rotary converters, particularly those 
supplying high voltage direct current {e.g, 1 500 V or 3 000 V for 
traction), are liable to flash-over on the commutator in the event 
of a short circuit on the D.C. system. It has been found that 
such flashing- over can be prevented if the generator or converter 
is protected by a circuit breaker capable of operating and reducing 
the current below the flashing value in less time than is required 
for a commutator bar to pass from one brush arm to the next. A 
standard air-break circuit breaker may operate in about OT sec. 
but, by eliminating mechanical trip gear and reducing the inertia 
of the moving parts, high-speed circuit breakers have been developed 
which operate in 0* 005-0’ 01 sec. These circuit breakers are 
effective in preventing flash-over on dynamo or converter com- 
mutators, but such rapid operation is undesirable in AO. circuit 
breakers because it would increase the shock to the system and 
increase the breaking capacity required in the circuit breaker without 
effecting any useful purpose. 

373. Interlocks and Indicating^ Devices. — ^Mechanical and 
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electrical ' interlocks ’ are of vital importance in the safe manipu- 
lation of electrical switchgear, and they are used in an endless 
variety of forms. Whilst the details may be modified to suit any 
requirements, the principles involved are few and simple. As an 
example of mechanical interlocking, a switch handle may be provided 
with an extension piece or coupled to a rod which acts as a bolt, 
making it impossible to open the cover or enclosure of the switch 
until the switch handle is 'off; and equally impossible to put 
the switch handle into the ^ on ’ position until the cover or enclosure 
is closed Again, interlocking devices similar to those used in a 
railway signalling-frame may be employed to ensure that certain 
switches are not closed simultaneously, or that switches are closed 
only in a predetermined sequence. The latter function is easily 
performed by electrical interlocking, it being then arranged that 
switch A closes a circuit which must be closed before switch B is 
unlocked or operated automatically (by a solenoid), as the case may 
be. In draw-out type switchboards (§ 380) it is made mechani- 
cally impossible for any parts to he ‘ live ’ whilst they are 
accessible. 

• It is generally evident by inspection whether an open-type, 
manually operated switch is ' off ’ or ‘ on,’ but wherever the switch 
is concealed or enclosed it is necessary to have a definite indication 
of its position. This may be provided by attaching ‘ on ’ and 
‘ off ’ labels to the operating handle in such a way that only the 
appropriate legend is visible through an aperture provided for the 
purpose. Red and green lamps (or preferably plain lamps behind 
red and green lenses) are used extensively to indicate the setting of 
a switch, auxiliary circuits being arranged so that the red light is 
shown when the switch is ‘ on ’ and the green light when it is 
‘off’ It is becoming increasingly common to provide switch- 
boards with key diagrams made on translucent glass and provided 
with lamps interlocked electrically with the main switchgear so 
that the actual circuits completed are illuminated from the back of 
the diagram. 

A complete system of automatic indicators and alarms is very 
necessary where the switchgear is remote-controlled. Audible 
alarms (bells or hooters) may be given automatically in the event 
of circuit breakers opening, lightning arresters operating, over- 
heating in bearings, or interruption or other irregularity in the 
supply of ventilating air, circulating water, etc. One alarm may 
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be common to all these causes, discrimination being effected by an 
annunciator similar to that used in ordinary bell-circuits. 

A red lamp and audible alarm are desirable to indicate failure 
in a potential circuit (voltmeter or wattmeter pressure circuit) due 
to blown fuses or broken leads. 

374 . Special Switches. — An important type of switch not 
hitherto mentioned is the ‘ faceplate ’ type, as exemplified in the 
majority of motor starters, Chapter 29. In this type of switch, 
which is also much used for selecting instrument circuits, a series 
of circuit-contacts are mounted on an insulating baseplate and a 
moving contact (generally of the laminated brush type) is moved 
parallel to the baseplate (either on the arc of a circle or along a 
guide rod) so as to touch the appropriate contact stud or studs. 
There is considerable friction between the moving and fixed con- 
tacts if the dimensions and bearing pressure are sufficient to permit 
heavy currents to be carried safely. Except for weak current 
circuits this type of switch is not suitable for interrupting current 
as a ^ quick break ’ in the accepted sense of the term is not 
possible. To eliminate arcing on the contacts of a faceplate motor 
starter it is often arranged that the current is always interrupted 
at a ' contactor ’ in the circuit. The term ‘ contactor ’ is applied 
to switches (air break or oil-immersed) which are capable of break- 
ing a load current and which are operated electromagnetically — 
especially in connection with the control of motors. For currents 
up to 500 or 600 A, the moving contact is generally solid and 
arranged to give a rolling motion on the fixed contact as the con- 
tactor closes or opens. In heavy-current contactors, or medium- 
current contactors which have to carry full load for long periods, 
the moving contact is of the laminated-brush type (§ 366) and may 
be moved on a straight line perpendicular to the plane of the fixed 
contacts by the action of a solenoid, or it n^ay be moved on the 
arc of a circle by means of a bell-crank mechanisno. Air-break 
contactors are used largely for the control of traction motors, and 
for motors in heavy industrial service, generally for pressures not 
exceeding 660 V but sometimes for pressures up to 8 300 V, three- 
phase. There is no basic distinction between contactors and circuit 
breakers (air-break or oil-immersed, as the case may be). 

Switches differing indefinitely in details of mechanical construc- 
tion and electrical connection are used for ‘ multi-way ’ switching. 
A few typical methods are illustrated diagrammatically in Figs. 
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85-90 ; some special switches used in the control of lighting circuits 
are described in Chapter 21 ; and various types of motor starters 
are described in Chapter 29. 



Fig, 85.— Single- 
pole mu tiway 
switch selecting 
one of several 
loads. 



switch selecting one of 
several loads. 



Fig. 87. — Switch closing 
one of several indepen- 
dent circuits (c/. Fig, 90). 


In Fig. 85, the pivoted switch arm, S, connects A to one terminal of any one of 
four loads 1, 2, 3, 4 ; the other terminals of the latter being permanently connected 
to B. For purposes of isolation there must he a double-pole switch between AB 
and the supply. 

In Fig. 86 the two switch arms, S, coupled mechanically by the insulating 



change-over switch. Change-over 

switch closing 
either of two 
independent 
circuits. 




s-w 


i ^ 


Sl. 


Fig. 90. — Switch closing one 
of three circuits (cf. Fig. 87). 


piece, T, connect the supply leads, AB, to any one of the loads 1, 2, 8. In this case 
the load circuits are electrically independent and, if SS has an ‘ off ’ position, it 
can serve as the double-pole switch between the mains and the load circuits. 

The switch arm, S, in Fig. 87, is a purely mechanical device. It carries the 
contact-bridge, A (from which it is insulated at B), and this bridge closes any one of 
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three circuits 1, 2, 3 which sure electrically ia^epeudeut and may have different 
sources of supply. 

The double-pole switch, SS, Pig. 88, has extension, blades, TP (at say 135° with 
SS) so that the leads, EP, can be connected either to AB or to CD, according to 
whether the switch is closed in the up or the down position. In some cases a single 
pair of blades, SS, is swung through 180® to effect the alternative connection. By 
either method only one of the two connections can he made at once. 

In Pig- 89 the ana, ST, carries insulated contact-bridges, AB, which close 
circuit 1 or circuit 2 (c/. Fig. 87). Similarly, in Pig. 90, the switch blade, S, is 
moved by the rod, R, along the dotted axis to close any one of three circuits (possibly 
electrically independent) which, are connected to the contacts 1, 1 ; 2, 2 ; and 3, B. 

The ‘ drum controller ’ (se& also Chapter 29) is a development of the principle 
illustrated in Pigs. 87, 89, and 90, a spindle carrying contact-segments being rotated 
about an axis parallel with a row of contact-fingers between which the segments 
efiect any desired seq[uence of connections. 

Typical of switekes wHck are ‘ special ’ in the method by 
whick fckey are operated, rather than in the switching which they 
perform, are time switches (operated by a clock), and current- 
limiter switches w.hich open circuit or produce a flicker when the 
demand of a circuit exceeds a predetermined v^alue (§ 272). 

375. Fuses. — The protective action and rating of fuses has 
already been discussed in § 342. The simplest mounting for a 
fuse is between two terminals (on an insulating base) to which 
are connected the circuit wires on each side of the fuse. Such an 
'open*' fuse wire is, however, very dangerous; when the fuse 
‘ blows ' molten metal may injure a bystander or start a fire. 
The fuse should be so cased in and arranged that its melting 
causes no damage to the surroundings. Small fuses for house- 
lighting circuits * are commonly mounted between brass terminal 
plates which are carried by a porcelain block and separated by 
a porcelain partition round or through which the fuse wire is 
threaded ; the whole is enclosed by a screw-on porcelain cover. 
Before renewing such a fuse, the switch controlling the circuit 
must be opened, otherwise, if the fault be still present, the new 
fuse will blow directly it completes the circuit and may seriously 
injure the operator. This risk is eliminated hy mounting the 
fuse in a porcelain tube which is provided with a terminal block 
at each end ; these blocks make contact with spring clips on an 
insulating base, the clips being connected to the circuit wires. 
The porcelain tube is shaped externally as a hand-grip or handle 


* Seldom used now, as all fuses are concentrated in the distribution boards, 
see Chapter 22. 
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and, to renew the fuse, the porcelain carrier must he withdrawn 
completely from the live terminals ; even if the fuse blows directly 
the carrier is replaced in the clips, the porcelain tube protects the 
operator from injury. The carrier can be formed with a hood at 
each end to cover the live clips and make it impossible for the 
operator to touch the latter when removing or replacing the carrier. 

The totally enclosed or cartridge fuse is similar to the porcelain 
tube type in general construction but the tube is of fibre or card- 
board and is filled with incombustible powder which helps to 
prevent arcing when the fuse blows. In the porcelain-grip fuse 
the same end may be attained by threading the fuse wire through 
a tortuous channel. It is generally impossible to fit a new wire 
to a cartridge fuse, and, by using cases of different dimensions, it 
can be ensured that only fuses of the intended rating are inserted 
between a particular pair of terminals. This advantage is shared 
by the screw plug type of fuse which is essentially a short 
cartridge fuse arranged to screw into a socket and make contact 
between two terminals on the same principle as the screw-cap 
lampholder. 

For industrial service porcelain grip fuses are commonly 
mounted inside a cast-iron case together with switches which are 
interlocked (§ 373) with the cover of the case so that the cover 
cannot be opened until the switch is open ; neither can the switch 
be closed whilst the cover is open. The fuses being on the load 
side of the switch the fuse clips are dead whilst the cover is open 
and there can be no ‘ open sparking.’ For use in explosive atmos- 
pheres the case and its cover are stronger and have wide machined 
joints to render them ‘ flame-proof ’ (§ 366). House-service fuses 
are of the porcelain grip type mounted, generally without switches, 
in a small iron case which is sealed to prevent tampering. If the 
fuses for each pole are in separate cases, the latter should be 
mounted side by side so as both to open inwards, the distance 
between the cases being insuflicient to allow both cases to be open 
at once. The fuses for both poles may be mounted in a single 
casing if provision be made to prevent accidental short circuiting. 
The cover is often lined with asbestos, and asbestos-covered fuse 
wire is often employed. Cut-outs of this type are suitable for 
pressures up to 600 V. Combined switch and fuse units for in- 
dustrial service can be built for any desired pressure. 

An alternative to the explosion-proof air-break switch and fuse 
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for rairiin<r Horvico is tho combined oil switch and fuse shown 
(iia^,mammati(;ally in Fi^. f)l. The fuse wire, F, forms the connect- 
in<r link between tho moving contacts, A, B, and is always sub- 
mergcid in oil, except wlien tho tank is lowered to allow the fuse 
to he replaceil. The rating of the fuse is, of course, much higher 
ill oi! tlian in air. 

^ ()il-iiinnorH(Ml ruses carried by a porcelain cover with hand 
*^rip wart? tonu(u*ly used on switchboards for hi^h power and high 
vnlfcapj, but it was found that tho blowing of the fuse on short 
circuit was of explosive violence, tho fuse tank being often 
shatb^-ed and th(i oil causing a dangerous fire. Oil-immersed 
Hwitcluis with ovtu’load trip-gear are therefore now used almost 
invariably for* all higli-powor circuits 
and for iiiost circuits above GOO V. 

The most Huccessful type of high 
tension fuse consists of a short fuse 
wire held in tension by a spiral 
spring, the whole being enclosed in 
a long glass tube wliich is filled with 
carbon tetrachloride. When the fuse 
blows, the spring (tontracts and a 
H|x?eially«shaped piston piece at- 
tached to it forces the liquid 
(which is non-inflammable and an 
insulator) on to the are This type 
of fuse is (|uite reliable for the pro- 
tection of {Mitential transformer 
circiiifes and of the main circuits of tho average industrial con- 
suiiler taking A.C. supply at, say, 6 600 V ; and it is claimed 
tliiit it can safely be used in generator and other main circuits of 
15 000-20 000 kW. at pressures up to 66 000 V. 

B.E.S.A. Eepcjrt No. 88 standardises four sizes of cut-out for 
iiHc* in low-pressure circuits (not exceeding 250 V), the maximum 
working currentH being respectively 10, 30, 60 and 100 A and the 
corrmporiding fusing currents 30, 60, 120 and 200 A. ‘ Ordinary 
duty/ to which alone these cut-outs are applicable, is taken to 
mean tliat the maximum short-circuit current in the circuit cannot 
f*xceed I 000, 2 000, 4 000 or 6 500 A for the respective standard 
«izf« of cut-out (i.e. from 100 to 65 times tho maximum working 
eurrento). 

VO'O. I. 



Fra. 91. — Oil-immorsod switch 
and fuse. 
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i'l 

l:j 376 . Types of Switchboards. — The main types of switch- 

1 1 board to be considered are : ( 1 ) The panel type (§ 377), in which 

y the switchgear and instruments for a particular machine, feeder, 

j;| etc., are mounted on a panel and in an undivided enclosure behind 

[j the latter. ( 2 ) The cellular type (§ 378), in which each of the main 

! I elements of the switchgear for the machine, feeder, etc., is enclosed 

I i in a separate compartment behind, or away from, the panel on 

which the control levers and indicating instruments are mounted. 
(3) The ironclad and mining types (§ 379), in which ironclad or 
flameproof switch-gear is assembled on structural steelwork sup- 
ports, the bus bars, instruments and connections being enclosed 
like the switchgear ; or the whole may be arranged as an ironclad 
pillar. (4) Draw-out type boards (§ 380) which may be of the 
ironclad pillar pattern or the panel pattern, the characteristic 
feature in either case being the disconnection of the gear from the 
bus bars by the act of drawing it forward on runways. (5) Out- 
door assemblies of weather-proof switchgear (§ 381). 

377 . Panel-Type Switchboards. — There are still in use many 
low-tension switchboards with the contacts of the switches mounted 
on the front of slate or marble panels ; the stems of the contacts 
lead through the panel, and nuts at the back hold the contacts to 
the panel and clamp cable lugs, etc., to the contact stems. On the 
front of the panels are open-type knife switches, field-regulating 
rheostats, etc. ; also, the measuring instruments and, at the top of 
the panels (so that the arcs have a clear path upwards), the air- 
break circuit breakers. Even where none but skilled attendance 
is provided such open-type panels are dangerous for any higher 
pressure than 250 / 500 V, 3-wire, D.C., and tlie trend of modern 
design is to place nothing but the control handles and indicting 
instruments on the fronts of panels, all the live parts being pro- 
tected from accidental contact. 

Early high-voltage switchboards were often of the open type 
with both switches and connections on the front of the panels, the 
risk of accidental contact, short-circuit, and flash-over being re- 
duced by placing barriers of slate between the components at right 
angles to the panels. The modern cellular switchboard (§ 378) is 
a development of this principle. 

There is little advantage in using slate or marble panels for any 
but low- voltage boards. Apparatus for pressures exceeding 660 V 
is usually insulated by porcelain and carried by steel or cast- 
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iron supports on a rolled steel framewrork. A typical panel- 
type board for higli-voltage circuits comprises a framework of 
channel and angle irons with sheet-steel front panels. An en- 
closure is made behind each panel by sheet steel or expanded 
metal partitions and a door at the back gives access to each 
cubicle from a gangway between the ' board ’ and the wall. The 
control levers project through the front panel, and the latter carries 
the indicating instruments. When the doors are closed all the live 
parts are completely inaccessible, and the doors may be interlocked 
with isolating switches so that the gear in the cubicle cannot be 
live whilst the door is open (unless it is deliberately made live for 
purposes of testing). The whole of the metal framework, panel- 
ling, etc., is bonded together and connected permanently to earth. 

378. Cellular Type Switchboards. — In these boards, metal or 
insulating sheets, or brickwork or concrete partitions, are placed 
between panels and, to a greater or less degree, between the com- 
ponent parts of the equipment on ' each panel The aim is to 
establish mechanical harriers (insulating or of earthed metal) 
between phases and, as far as possible, between individual pieces 
of apparatus. The trend of modern construction is towards the 
use of concrete walls and partitions in conjunction with a structural 
steel framework. The latter is arranged so that there is a minimum 
of earthed metal in the cubicles of the hoard and so that doors and 
other fittings can be mounted by the maker of the board without 
demanding special accuracy in the erection of the concrete or 
moulded stone slabs at the site. Concrete or moulded stone 
is more convenient to use and more compact than brickwork, 
and it withstands arcing or explosions better than steel or 
thin sheets of insulating composition ; also it can be moulded 
with holes, sea tings , etc. , for attachments. Thoroughfare insulators 
are used to carry connections through the concrete partitions in 
the cubicle structure. 

A concrete or similar partition gives the same operating safety 
as a much greater air gap between live parts and this favours com- 
pact construction. On the other hand, the minimum permissible 
clearance to earth must be allowed between partitions and the gear 
enclosed and every partition must he at least 2 ins. thick ; also, for 
practical reasons, the cells must he rectangular and of uniform 
depth, so that too much space is occupied if the cellular principle 
be carried too far. More compact construction is possible if doors 
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can be provided in both the back and the front of tla^ board. 
The bus bars may be mounted in concrete troufjlm along tht^. top 
of the board or, where duplicate bus bars are ustid, at the back 
and front of the top compartment in the board. The isolating 
links occupy a cell immediately below the bus bars. TIu^ oil 
switch stands on the floor, and behind it (in separate colls, if access 
can be had to the back as well as the front of the board) may be 
the instrument transformers and the protective transformer. 
There are many other possible arrangements. The vent pipe from 
the oil switch discharges outside the cubicle. 

Switchgear in this typo of board is generally ' nimote.-con- 
trolled.’ — either mechanically or electrically from a cioutrol dmk 
on which also are mounted all the indicating, recording, and syn- 
chronising instruments, etc. The construction is co.sl/Iy il. tluj 
subdivision be thorough and of substantial construction, and if the 
individual cells be largo enough for convenience in access. On th(3 
other hand, the strong walls and partitions are valuable from the 
mechanical standpoint in that they afford substantial HUi>j)orts for 
the gear ; and the barriers undoubtedly reduce th(i risk of acci- 
dental short circuiting by tools, etc., and prevent the Bj^reacliiig of 
damage by fire or flash-over. 

379. Ironclad and Flameproof Switchboards.— The switcli- 
boards described under this heading are particularly useful for 
general industrial service. They are compact and simple, and all 
the components are protected against mechanical injury ainl against 
accidental contact witli live parts. For low and medium voltage 
circuits, in situations where the atmospliero is not explosive, the 
board may bo built up from ironclad air-break switcluts, ironclad 
fuses, and ironclad instruments mounted on a stipporting fraiiie- 
work of angle irons or steel tubing. Connections between tlie iron- 
clad components may be by insulated conductors enclosed in steel 
conduit, or the casings of the components may be desigriiKl ho tliiit 
they can be bolted together directly ; witli the latter arrangement 
the various components can be supported by a cast-iron pedestfil 
or pillar instead of a framework of tubing or rolled sections. 
Wluchever of these arrangements be employed, the caaings and the 
supporting structure— in fact all exposed metal— is iBrmanently 
eartlied. 

The unit method of construction of ironclad switohhoardB ii by no meani 
limited to simple distributing boards. Thus B*ig, 02 shows the oonniotioiis of the 




Ferguson, Pail in, Ltd. 

Co^'TROL Board and E.H.T. Cells with Mechanical Bemote -Control. 

The cells are of moulded stone having steel doors provided with reinforced glass 
windows. The oil-immersed circuit breakers have a rated rupturing capacity of 
250 OOJ kVA. A separate welded-steel elliptical tank is provided for each pole and is 
fitted with a treated wood lining. The generator breakers are provided wdtli a half- 
cock synchronising position. Bemote control is effected by a special system of levers 
with pipe drive. 


Stonework Cubicle-Type 
Switchboard. 

The cubicle is built up of moulded 
^<tone slabs cemented into a wrought- 
iron framework ; the latter takes all 
shocks and stresses of operation. The 
illustration show's the oil circuit breaker 
with its closing contactor, tlie oil- 
immersed potential transformers with 
primary fuses, and the isolating switches 
for one set of bus bars. Similar cubicles, 
on tlie other side of the central wall, 
accommodate th e isolators for th e second 
set of bus bars, tlie current transform- 
ers, and (for ring mains) the isolators 
on the feeder side of the oil circuit 
breaker. Tlie bus bars are in moulded 
stone troughs along the top of the 
cubicle, and the steel doors for the isola- 
tor compartments are separate from 
the main doors. The circuit breaker 
vent pipes are not in position in the 
illustration, and the phase barriers be- 
tween the potential transformers have 
been removed to make way for a special 
transformer, but the grooves for them 
can be seen. 


MetropoUtan-Vickers Electrical Co., Ltd. 

[To face p. 548. 


Mavor d' Ooulsoii, Ltd, 

Ironclad Switchboard Built on the Unit Principle. 

The board illustrated includes all the switchgear necessary for the control oi two 
pairs of 8 -wire generators and fourteen feeders {see also Fig. 92). It is built in four 
sectious for easy handling and shipping. Similar assemblies, with flameproof gear 
throughout, are supplied for use in fiery mines or other situations where the atmos- 
phere is explosive. 



British Thomson- Houston Co,, Ltd, 


Totally-Enclosed Switchgear 
OP Unit Construction. 

This type of switchgear is equally 
suitable for mining service or for 
industrial service indoors or outdoors. 
It can be mounted on wall or pedes- 
tal, and can be used with draw-out 
or non-drawout circuit breaker. In 
the draw-out pattern illustrated, the 
shrouded sockets render accidental 
contact impossible, and the safety 
interlocks eliminate all risk of ‘ open 
sparking.’ Gable boxes or conduit 
fittings can be attached to the top, 
bottom, or back of the connection 
chamber (behind the socket cham- 
ber), and the bus bar chambers (below 
the sockets) can be bolted together 
to form a continuous chamber for a 
complete switchboard. 


[To face p. 549. 
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hmrd ilhmtmUHl oppoHita fr»r tho cionferol o£ two pairs of 400 [200 V, 8-wir©, 
i^cnoratorH, icii 4C}r) V foiHlorH, aiui four 200 V foodcrB. Each pair of genera- 
l4»r i iH l•< ^^lirr»ih!^i hy a finuble pcdi- overload and revorHO-enrrenli circuit breaker and 
fi ilraibki |>iile Hwiich. Doublo-pole equalHing flwifcche.H are also provided for 
the Hcrien ^vinflings of tlio goiieratorg. Each generator nas its own 
coil anniHster, and a voltniefcer witli volfemefeor switch is provided for each 
piiir of |.;eni*ralora. Four shunt regulators, one for each generator, are mounted 
lit fJii» hotdfun of the genomtor panels. Koe.h of tiie outgoing feeder panels con- 
mnU of a ironclad HwiUdi with double-pole fuse box. The 400 V feeders 

are coniiorted lietwecn tiio two outer him bars, and the 200 V feeders are connected 
hot^vcfn oiitrT l»ar and inner, and balanced. The cable fittings for the feeder 
imnids ant all suitable for twooun-e, wire-armoured cable, those for the generator 
eoisnenfJoiiH h.nng arranged for V.I.R. (table. Kaeli ^mir of generators is driven 
by an A.C' inot.Mr niouriied between them, the switchgear for the motors being 
Hoparaie from l,h;j hjh nwib* bboard. 



Fill, !I2. -G'liitiw'iiorifi wf «wikthbr>ard for the control of 8- wire generators and 

fendei^ (mff aim Plate opimHlto), 


I%r ftiiiiiri^ mirvlm thi-i switchgear inugfc be flameproof (§ 366) 
lint I i{if?ri5 in ii ti^ridmiey to employ Bfcaridard * taiixmg-type ' switch- 
lM«irdi4 for othc.r iipluHfcrial serv'ieoB where the atmosphere may be 
more or Iihh exploffive or where rough usage, moisture, etc., may 
fiipi^jt^id. Ill HiKth cases, and for any pressure higher than 600 
V {wlietlii*r thii ittrnemphere be explosive or not), it is usual to em- 
ploy oil midteliits. 

Wliittfiifr the giiir be flameproof or simply ‘ironclad,* and 
whether air-briMik or oil-immersed switches be used, the general 
arimpiiiietit is the siirne. The casings of the components, together 
with the cemduit (if any) between components, form an earthed 
inetollif; enclcBtiw for the live |»rts and connections. The covers 
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are interlocked so that no live parts can be inadvertently exposed. 
Cables are led in through watertight glands, conduit fittings, or 
sealing boxes filled with insulating compound, as the case may be. 
In the case of assemblies representing several ‘ panels,’ the compon- 
ents of* each panel and the panels themselves are built together on 
the unit principle. The bus bars which run through the group of 
‘ panels ’ are encased like the rest of the gear ; they may be bare 
and mounted on porcelain insulators, or micarta-sheathed and 
carried by insulating bushings, or bare rods supported by bridge- 
pieces may be ‘run solid’ with insulating compound. Any 
measuring instruments required may be mounted beneath cast-iron 
covers with reinforced glass windows ; automatic releases are simi- 
larly protected. There is no limit to the number and variety of 
components which can be assembled to provide a switchboard for 
any desired purpose. 

380. Draw-out Switchboards. — The draw-out type of switch- 
board originated by the firm of Reyrolle is now made in a number of 
patterns, the essential feature being that the whole of the switch- 
gear is mounted on some form of carriage and is entirely isolated 
(i,e, ‘ dead ’) when the carriage is drawn out on its runway. This 
is accomplished by plug or knife contacts on the removable portion 
of the gear which engage with fixed bus bar and feeder contacts 
only when the carriage is in its service position, all the live parts 
being then inaccessible to the operator, and the various covers of 
the gear and the oil-switch tank being incapable of removal. If 
it is desired to inspect or adjust any of the live parts, or to open a 
cover or lower the oil tank, the switch must first be put into the 
‘off’ position. The carriage can then be drawn out by a handle 
or racking gear provided for the purpose. Directly the contact 
plugs on the moving portion leave the fixed contact sockets (which 
they do before either becomes accessible to the operator) shutters 
fall automatically in front of the fixed contacts. When the carriage 
is withdrawn to the limit of its travel, all the components which it 
carries are completely accessible and entirely disconnected from the 
circuit contacts ; at the same time, the circuit contacts are covered 
by shutters. The plug and socket contacts act as isolating switches 
on both sides of the gear on the carriage ; they are separated auto- 
matically by the act of drawing out the carriage and, in order to 
ensure that these contacts are not used even inadvertently to make 
or break a current (§ 362), it is arranged that the carriage can be 
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neither withdi'awn nor returned unless its main switch is 'off/ 
ihe carriage runs on a machined track in order that the plug con- 
tacts may keep in alignment with their sockets. 

^ Armoured ’ draw-out switchboards resemble the mining-t 3 rpe 
boards described in § 379 as regards the mechanical nature of their 
‘ ironclad ’ protection but in the draw-out boards of this type a 
fixed panel contains the incoming and outgoing leads (e.^. bus bars 
and feeders) and the contact sockets of each, whilst the oil switch, 
automatic trip gear, ammeter, voltmeter, etc., are mounted on a 
carriage. The carriage runs on substantial knee-brackets fixed to 
each side of tlie back panel. As many panels as may be required 
can be assembled side by side on the unit principle. Armoured 
panels of tliis type are used in -all sizes from those suitable for 
individual motors in mining service to those capable of acting as 
circuit-breaker panels in large central stations. As the whole of 
the gear is totally enclosed, and proof against weather and vermin^ 
it can be used out of doors. 

‘ Truck-type ’ or ' panel-type ’ draw-out switchboards resemble 
ordinary panel-type high-voltage boards (§ 377). The incoming 
and outgoing bars and cables with appropriate contact sockets are 
mounted at the back of the enclosure behind an earthed metal 
screen with automatic shutters for the apertures through which 
the contact plugs normally pass. The whole of the rest of the 
gear and the front panel itself are carried by a framework, 
which has rollers and runs on an accurately machined track. No 
gangway is needed behind the enclosure or between panels for 
access ; tlie whole of the gear can be wheeled clear of the board for 
inspection or overhaul and a spare panel can be run into the empty 
cubicle to maintain service if necessary.^ This type of draw-out 
board is lighter in construction than the armoured type described 
above and it is not weatherproof but it is entirely satisfactory 
for indoor applications, with currents up to, say, 500 A per panel 
at 11 000 V. The armoured gear is built with 3-phase circuit 
breakers capable of carrying, say, 400 A at 44 000 V or 1500 A at 
22 000 V, and of 500 000 kVA breaking capacity (§ 871) ; with 
single-phase circuit breakers (i.e, three coupled circuit breakers in 
separate tanks for a 3-phase circuit) much higher breaking capacities 
can be obtained. 

*This advantage, which is enjoyed also by ‘ armoured’ draw-out gear, is at- 
tained only in draw-out boards and is of great practical importance. 

551 


§ 38 i electrical engineering practice 

381. Outdoor Switchgear. — Outdoor substations, comprising 
transformers and switchgear, have been used in America for many 
years past and there is no doubt that this practice will extend 
as extra high-voltage transmission becomes more common. The 
obvious advantage is the great saving on cost of buildings, simple 
concrete foundations and light structural steelwork supports being 
used instead of a masonry structure and its heavier foundations. 
The obvious difficulty is the exposure to weather. As stated in 
§ 380 armoured draw-out switchgear is completely weatherproof 
and ordinary high-voltage circuit breakers are quite reliable for 
outdoor service if fitted with suitable terminal bushings and if the 
closing and trip gear be protected by a weatherproof casing. 
Similar remarks apply to high-voltage static transformers. The 
switchgear and transformers are, in fact, at least as reliable as the 
transmission lines so far as atmospheric conditions are concerned ; 
if severe cold is experienced the oil can be kept at any desired 
temperature by aid of thermostats and electric heating coils. The 
large air gaps between lines and the long terminal bushings required 
at extra high pressures, together with the large dimensions of 
e.h.t. switchgear and transformers, combine to make masonry 
switch houses large and costly. With outdoor gear the clearances 
must be increased to allow for swinging of conductors and the 
possibility of birds perching on or flying between live parts. At 
pressures below 25 000 V outdoor switchgear is probably more 
costly than indoor gear (including the structural work in both 
cases), but at 50 000 V there is a saving of 25-30 °/^ in the total 
cost of an outdoor equipment,* and the saving is still greater at 
higher pressures. 

382. General Arrangement and Construction of Switch- 
boards. — ^Much information on this subject is embodied in the 
preceding paragraphs, to which the following excerpts and sum- 
maries may be added. 

The I.E.E. Wiring Rules, Nos. 87-93, deal with the position, 
construction, and arrangement of switch and distribution boards : — 

87. Position ; Construction , — Main and distribution switch and fuse boards 
may be used under the following conditions : — 

(a) They must be — 

(i) Fixed in dry situations ; 


* According to an article by J. B. Eudkin, El. Bev.^ Vol, 90, p. 567, describing 
outdoor switchgear at Goesgen (Switzerland) for 135 000 V. 



A. ReyroUe d Co., LtR 

Armoured Draw-Out Switch for 12 000 V, 3-phase, 750 A. 

This switch is suitable for coutrollmg generating plant in a station having an 
aggregate capacity of 50 000 kW. The equipment comprises two sets of 3-phase bus 
bars, a 3-phase oil-break switch, three current transformers, 3-phase potential trans- 
formers (mounted on a carriage behind the switch), and cable dividing boxes. Every 
conductor is ‘ironclad ; ’ and the bus bars, current transformers, etc., are immersed in 
insulating compound. When the switch carriage is withdrawn (as shown) for access 
to the working parts, the live portions are screened by shutters which fall across the 
socket openings. (Note the yard rule against the standard in the foreground.) 


i 

{To face p. 552, 




Johnson cC' Philli2)s, Ltd. 


Draw-Out Truck Type Switchboard. 

The stationary portion of each cubicle is bolted to the floor and contains the bus 
ars, fixed contacts, cable box, or cable sealing end. The truck carries the oil switch, 
current, and potential transformers, and the instruments which are mounted on the 
front plate- When the truck is withdrawn for inspection all the parts upon it are 
automatically rendered ‘ dead ’ and, at the same time, the fixed contacts, which 
remain ‘live,’ are automatically screened. 


[To face ■]). 553. 



SWITCHGEAB AND SWITCHBOARDS 1 382 

(ii) So arranged that a fire thereon cannot spread, whether occurring at 
• the front or back ; 

(6) Their bases must be of incombustible and insulating material, and fitted 
with moisture-proof bushes at the points of support if the material is 
hygroscopic ; 

(c) The possibility of a permanent arc must be prevented either by sufficient 
spacing of all live parts, or by the use of separating partitions. 

88. Accessibility. — Switch' and fuse boards must be so constructed and placed 
that all their parts which may have to be adjusted or handled are readily accessible. 

89. Connections. — Connecting conductors on main boards must be — 

{a) Permanently accessible from either the back or the front of the board ; 

(5) Symmetrically placed and spaced apart ; 

(c) So proportioned that there shall be no appreciable rise of temperature 

when the current flows through them ; 

(d) So arranged that the course of every conductor may, where necessary, 
be readily traced ; 

(e) So arranged as to prevent the access of acid fumes from batteries to the 

board. 

90. Labels. — Switchboard circuits should preferably be labelled for identification. 

91. Open-type Fuses. — ^No open-type fuses may be placed at the back of switch- 
boards. 

92. Metal Gases. — The cases of instruments, if metallic, must be insulated from 
the circuits, but they may be earthed if desired. 

93. Fuses. — Every voltmeter or pilot lamp with its connecting wires should 

be protected by a fuse on each pole. • 

Some of the factors to which attention, is called in connection 
with mines (Chapter 32) are of general application ; and the fol- 
lowing points, from a Memorandum (1916) of the British Home 
Office, may also be noted : — 

It is undesirable that main fuses should be placed behind the panels of low or 
medium pressure switchboards. The blowing of a fuse, particularly under heavy 
short-circuit conditions, on a station switchboard, might readily lead to a further 
short circuit. If fuses for instruments, etc., are placed behind switchboards they 
should be guarded so that an arc cannot spread, and placed so as to be accessible. 
In the case of large switchboards there should be access to the back from both ends, 
bo obviate an attendant being trapped in case of accident. For screening off high- 
tension boards expanded metal is recommended. On polyphase boards there should 
be divisions or barriers between phases at all places where an arc is liable to be 
accidentally started, e.g. at isolating switches, etc. On high-pressure boards, isolat- 
ing switches should be placed on both sides of oil-switches on feeder circuits where 
the feeders are capable of being made live from the distant end. 

Other points, many of which are embodied in the preceding 
paragraphs of this chapter, are as follows : — 

Separate panels for each machine, transformer, feeder, etc., make for safety and 
simplicity in operation and maintenance. In many existing stations the high 
voltage and low- voltage panels are on different floors. It is generally most con- 
venient to place the main oil switches and transformers on the ground floor or in 
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the basement ; with remote electrical control the control gear can be placed where- 
ever convenient ; remote mechanical control is less flexible in this respect. Eemote 
electrical control, placing all the main switches of the station under the direction 
of one man, is almost standard practice in large new stations ; where there are 
inter-connected stations a ‘ load dispatcher ’ may control the men on the master 
switchboards of the individual stations by telephone. 

On boards for direct manual operation fuses should be enclosed and away from 
face level. Air-break circuit breakers and lightning arresters should always have 
a clear path upwards for arcing. Instruments should always be where they can be 
read easily and without parallax from the operator’s station ; also, they should be 
away from rheostats or other sources of heat. On control desks for remote electrical 
control ammeters, voltmeters, and synchroscopes should be in full view at the back 
of the desk ; switch levers or buttons, rheostats, and synchronising plugs should be 
easily accessible ; relays, integrating watt-hour meters, and other equipment to 
which only occasional reference is required may be at the bottom of the panel. 

All main current-carrying conductors should have good facilities for cooling 
and be free to expand and contract without serious restraint. Iron should not be 
placed where it would be subject to stray fields. All parts in which eddy currents 
may be induced should be non-magnetic and of high electrical resistance (natural 
or produced by saw cuts or other device). 

Conductors, fuses, contacts, and other current-carrying parts should be inac- 
cessible whilst they are ‘ live,’ and all exposed metal work should be earthed. 
Provision should be made to prevent unauthorised operation of switchgear or access 
to live parts, and means should be provided for the definite locking of switches 
‘ off ’ in case of need. Interlocking to ensure correct sequence of switching and 
to prevent access to live parts should be employed wherever practicable. The 
general design and arrangement of switchgear should facilitate cleaning and 
supervision, and it should be possible to get complete and easy access to all parts 
for repair (subject to the parts being first rendered ‘ dead ’). 

383. Bus Bars and Switchboard Connections. — In all but 

small installations the bus bars are in duplicate and provision is 
made for sectionalising them. The bar for each pole or phase may- 
be (electrically) in the form of a closed loop or ‘ ring main ’ with 
isolating switches at intervals so that any desired section can be 
isolated for cleaning or repair. Alternatively two sets of bars may 
be used with isolating switches in each and with cross^-connecting 
switches, so that any desired section of one set of bars can be 
isolated and replaced by a section of the other set. The insertion 
of reactance coils between the sections of bus bars fed by different 
generators limits the power flowing to a short circuit (§§ 340, 
370). 

Bus bars generally consist of a number of relatively thin strips, 
of copper or aluminium. The width of the strips may be, say, 
8-12 times their thickness, and the strips are mounted on porcelain 
or other insulators with their width in a vertical plane, thus secur- 
ing maximum stiffness against deflectioji by their own weight. 
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Tlie strips composing each, bar are electrically in parallel, but should 
be held definitely apart by spacing pieces. The object of the 
laminated construction is to reduce eddy currents and increase the 
radiating surface.* Extra strips can be added at any time if the 
carrying capacity of the bars has to be increased. The strips for 
each bar are side by side in a horizontal plane, but the bars them- 
selves may be in either a vertical or a horizontal plane. Placing 
the bars in a horizontal plane reduces the overall height of the board, 
but it must be possible to get at the bars from above for cleaning. 
Bars in a vertical plane are more easily accessible as a rule, and 
their maximum stifihess is then opposed to the mechanical forces 
developed between the bars on short circuit. 

Aluminium offers important advantages as a material for bus 
bars. The larger cross-section required for the same electrical con- 
ductivity makes aluminium compare unfavourably with copper 
where insulated cables are concerned, but in the case of bus bars the 
difference in dimensions between copper and aluminium is of no 
appreciable importance as regards the cost of the insulating sup- 
ports. On the other hand, the larger radiating surface of the 
aluminium bars, and the fact that their weight is roughly half 
that of the equivalent copper bars, are important advantages. 
Adhering to commercial sizes of bar or rod it will be found 
tliat aluminium bars of the same width, but 50 thicker than the 
copper bars which would be used, or aluminium rod IJ times the 
diameter of copper rod, gives suflSciently nearly equal conductivity. 
The exact value of the resistance of bus bars is unimportant, since 
it is always very low. On the other hand, care is required to 
avoid high local resistance at joints. 

The best method of connecting consecutive lengtlis of 
aluminium bar is by overlapping the bars for a distance equal to 
10 or 12 times their thickness and bolting them together. The 
contact surfaces should be coated with vaseline and then rough 
filled, the file cuts being at right angles on the two surfaces ; the 
surfaces are then clamped together without removing the dirty 


* Iti is the radiating surface which determines the permissible current density 
for given temperature rise. A 2 in. x 1 in. copper bar carrying 2 000 A ha^ 0* 036 
sq. in. of radiating surface per ft. run per amp., compared with 0* 018 sq. in. in the 
case of a 4 in. x 2 in. bar carrying 8 000 A. If the larger bar be divided into eight 
strips each. 4 in. x J in., spaced well apart, the radiating surface is increased to 
0* 102 sq^. in. per ft. run per amp. 
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vaseline."^ Joints made in the same way between copper bars 
have as low resistance as soldered joints. Permanent connections 
between copper or brass parts are often tinned and 'sweated/ 
but any sweated joint should be supplemented, by a grub screw, 
bolt, or other mechanical device. The advantage of tinning the 
surfaces of copper joints which are to be clamped lies in the fact 
that the soft tin spreads and gives contact over a greater area ; 
also, the flow of the metal during the final stages of clamping ex- 
poses clean surfaces at the contact. The use of tinfoil in clamped 
joints does not reduce, but generally increases, the contact resistance. 

Aluminium bus bars are practically immune from corrosion 
(even in battery rooms), but joints between aluminium and other 
metals should be painted to exclude moisture ; otherwise electroly- 
tic corrosion will occur. Similarly, where aluminium rests upon 
plain slate, or other material capable of carrying a leakage current 
when damp, the aluminium should be painted or a piece of mica 
should be placed between the surfaces. 

Most of the high voltage connections on modern switchboards 
consist of bare copper strip or rod, thus reducing the amount of 
inflammable material in the construction. Rod can be bent equally 
easily in any plane, but rectangular strip is difficult to bend in the 
plane of its width. All connections must be so supported that 
they cannot be deformed to any dangerous degree under short 
circuit conditions (§ 338); at the same time, bus bars and all 
strip or rod connections must have lateral freedom or sufficient 
flexibility at bends to allow for thermal expansion and contraction. 
Varnished cambric mfiers advantages as an insulating material for 
switchboard cables (§ 287). 

Low voltage connections in instrument and relay circuits, etc., 
are commonly made by V.I.R. wires (preferably with flre-resisting 
braiding), supported on porcelain cleats. It is convenient to have 
the circuits arranged so that standard instruments can be connected 
quickly for calibration tests. 

384. Instrument Transformers. — The function and general 
characteristics of current and potential transformers are discussed 


Any attempt to remove the dirty vaseline exposes the clean filed metal to 
oxidation ; the whole object of the method of preparation described is to protect the 
clean metal from even momentary exposure to the air. Joints made as described 
do not deteriorate during a period of years (vide El. Times, July 27, 1911, p. 77; 
and Jour. Vol. 60, p. 889). 




HWrrc^IIGKAE AND HWITCHBOAHDS § 384 

ill § iOH, Biii|r-fcype current transformers threaded on the 
ti‘riniiial leads inside the oil-Hwitch casinfif are convenient for 
npi^raiien of aMuu(‘.torH, overload trips, or oth(3r devices iin- 
affiH*if*d hy |>haH<*. (uror in the tratisformer {nee § 108), hut they 
Hhoiilii not ho uHo.d for any device operating on the wattmeter 
{iriiicijdo. or «leman<iing speiual accuracy and tiniformity of calibra- 
ti«m. In trinsforinors jirovided with a primary winding the 
c‘arrying cajiacuty of the latter shouhl bo equal to that of the main 
in wliirh the transformer is comi(‘cted. 

It is Imporiant tlmt ilie. rcisi stance in tlio secondary circuit of 
miTiait iransfo -mers Hlnaild Isuis low as possible; an ammeter and 
a trip ran \h*. operated in smmiH in this circuit if the trip gear 
is sensitive (i.r, does not requinMuuch powc^r for its operation), but 
the eiirreni i»lemeiii of any wattnuder typi^ device sbould not be in 
series with a triji esiil heeause tln^ phase error caused by the latter 
would lead io HeriouH inaecuracy. The same current transformer 
can generiilly Ist used to sfU’ve an ammeter, wattmeter, and coro- 
Imliiiice prHt»!ctive gear, but the maker’s adviia) should always be 
takr*ii in regard in the loading of instrument transformors. In 
milling or arimairetl Hwitchgf^w 879, 880) the use of current 
IraiiHforitnirH c. iu often \m avoide<l by mounting tlie ammeter in- 
side ilio switch case and c(mnecting it in the lot. circuit (with its 
ciiHfi lit line poicniiah; suitable clearance is provided between the 
iiistriiiiiciil am! tin* eiirtlicd case, of the switcli, and the instrument 
is r**ii4 thr«aigh a wiipIow. 

I^oh'iitial Iriifishinncrs for presHures up tofJ fiOO V are generally 
iiir.,|.r|i}h:*,|^ those for higher prcHsun-m Ixdng oil-immersed or on- 
cIosimI in II casing filled with insulating wax or compound; eases 
lilli?d with WII3C or comptiund should he. mounhsi so that the filling 
iMiiiiof escape if ii HofhuiH or melts in servicci Any number of 
etc., can Ik*, connected in paralhsl to one potential 
traiHforiiP’r proviili^d Ihiii the ratisl output of tln^ latter is not ox- 
f*r«*df*d if iOH), Volifntd.crs, low-voltage releaHc.H, and Hynchro- 
in a IlqilniHc syskiiti can he used in conjunction with, a 
tr#im^foriii«r on one phaMc tmly, but |K)tential transformers 
arc r»**|iiiri*d on jii hmi iw*) phasi^i for wiittmeters and reversc^- 
rchiys ( | 1 Ih), 

Iriiimforiiicrs for use in aut/miatic selective pro- 
-fills giiicmlly U> fulfil apcial conditions in rtigard 

tit Ilpdr rliiiract^rbilcH C| 8o9j. 
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385. Equipment of Typical Switchboards. — 

and conditions of service of switchboards difier so 
useful purpose would here be served by detailed 
individual boards ; for this the reader must be r 
technical press and the proceedings of profession 
The following notes on the usual equipment of v. 
panels (according to whether the supply is A.O. or E 
ever, be useful : — 

Generator Pa'tiel. — ^Tlie generator leads are connected ( 
switches if required) to circuit breakers whence connection 
isolating switches in the case of high-voltage machines) to t] 
station. Voltmeter, frequency meter, and synchroscope conni 
made on the generator side of the main switch or circuit breaker 
ammeter (or ammeters in the case of a polyphase machine) is als 
generator side of the main switch.* It is desirable that watt-hour 
on each generator panel. A field-regulating rheostat and amme 
addition to a field switch with auxiliary contacts which close i 
the safe discharge of the energy stored in the field. Over-load 
or other protective relays are required, and a power factor ind 
Synchroscopes may be placed on a bracket projecting from one ei 
or machine and bus bar voltmeters together with the synchro] 
located on a special synchronising panel. 

Balancer Panel. — ^There are many systems of balancing 3- 
each of which requires appropriate switchgear. With the s 
equipment (two auxiliary machines in series between the ‘ oute 
required on the control panel is three single-pole switches, tw( 
rheostats, and an ammeter in each machine circuit. 

Summation Panel. — This panel (for measurements only] 
meter recording the total output of a number of generators, t 
quency meter and a power factor indicator. 

Control Panel . — The equipment comprises master switches 
the low- voltage D.O. circuits of the coils or servo-motors operatir 
switchgear ; also, the measuring instruments of the main circu 
these instruments being served by instrument transformers on t'. 

Battery Panel. — There are many possible arrangements of s 
their auxiliaries to suit various applications and different meth 
the change in voltage per cell during charge and discharge (C 

Where end-cells are used for regulation the battery panel cs 
lating switch so that the number of cells across the bus bars and 
can be varied independently. There are also an ammeter an 
between the battery and the bus bars. The same or an adjoinii 
generator switch (with minimum cut-out) fuses, ammeter, fiel 
change-over switch by means of which the generator can b 


* It is usual to connect all the instruments, on the gene: 
gene ator side of the main circuit breaker. This ensures that £ 
are dead when the bieaker is open and the generator is static 
transformers are always placed on the generator side of the circ 
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battery or to the bus bars as desired. By means of a S-way switch a single 
voltmeter can be used to measure the generator, bus bar, and battery voltages. 

If a reversible booster set be used to add to the voltage of the main generator 
during charging, or to that of the battery during discharging, no ‘ end cells ’ are 
needed for regulation. The battery circuit includes an ammeter and fuses, and 
a double-pole change-over switch by means of which the cells can be connected 
straight to the bus bars or in series with the booster. The motor driving the 
booster requires an ammeter, double-pole switch, fuse and starter ; whilst the 
booster requires a field reversing and regulating switch and a circuit breaker which 
opens if the fuse blows in the booster-motor circuit. Two voltmeters with multi- 
way switches provide for measuring the generator, bus bar, booster, and battery 
voltages. 

Station Panel. — The equipment on this panel provides for the control of the 
station lighting and auxiliary power circuits. Change-over switches are required 
if (as is desirable) there are alternative sources of supply. Main switches, starters, 
rheostats, measuring instruments, etc., are provided for the individual circuits 
supplied, according to requirements. (See also Distribution and Motor Panels.) 

Feeder Panel. — On station feeder panels connections are taken from the bus 
bars through an air-break or oil-immersed circuit breaker to the outgoing cable. 
A voltmeter on the bus bar side of the circuit breaker shows the bus bar voltage, 
and an ammeter between the circuit breaker and the feeder shows the load on the 
latter. If desired an integrating watt-hour meter may be fitted to measure the 
energy supplied ; a recording ammeter or wattmeter is sometimes useful. Overload 
and split conductor or other protective relays (§ 359) are required on each feeder 
panel. , One frequency meter may serve a number of feeder panels. 

Distribution Panel. — The incoming mains are connected through a switch or 
circuit breaker, as the conditions may demand, to the distribution bus bars. To 
the latter the load circuits are connected through knife switches or oil switches 
with fuses in either case, or through circuit breakers if required. Small distribu- 
tion boards as used for house-lighting circuits are described in Chapter 22. 
The consumer’s panel in an industrial installation taking energy at high voltage 
requires an oil- immersed circuit breaker with isolating switches on the line side, 
and instrument transformers if the energy be metered on the line side of the step- 
down transformer. The low- voltage terminals of the main transformer are con- 
nected to a distribution panel which has a voltmeter and main ammeter and, if 
desired, ammeters and energy meters for the individual circuits supplied from the 
distribution bus bars. Where the supply tariff takes account of power factor, it is 
advisable to provide a power factor indicator or recorder for the installation as a 
whole or, if practicable, for each of the main circuits. 

Motor Panel. — The incoming mains are taken to a main switch (double- or 
three-pole) of the type appropriate to the electrical and service conditions. Thence 
leads are connected through fuses to the starter (Chapter 29). The provision of 
an ammeter on each motor panel contributes greatly to safety in operation and 
efficiency in maintenance. It is useful to arrange for the easy connection of a re- 
cording wattmeter in the motor circuit at any time for the purpose of a power test. 

General. — ^Isolating switches should be provided on all high-voltage panels so 
that the whole of the gear can be disconnected from the incoming and outgoing 
leads ; with draw-out gear no special isolating switches are required. Instrument 
transformers are generally required on heavy current and / or high-voltage A.G. 
panels (§§ 108, 384=). 

Where automatic prpt^otive gear is used the appropriate transformers, relays, 
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etc., are mounted on the switchboard (§ 359). If fuses are used they are inserted in 
each pole or phase of the circuit, but overload relays need be connected only in one 
side of each possible lead and return path (Le. one relay for a D.O. or single-phase 
2-wire circuit ; two relays for a D.O. 3-wire, two-phase 4-wire, or three-phase 3-wire 
circuit; and three-relays for a three-phase 4- wire circuit. Where reverse power 
relays are used they should be fitted to each generator and to each one of a group 
of feeders working in parallel. 

Voltmeters and ammeters should be used in each phase of a polyphase system 
if the load may be unbalanced. Becording instruments are provided wherever a 
permanent, continuous record is required. Where attention is paid to power factor 
correction, power factor indicators should be fitted on generator, converter, and 
feeder panels. Air- or cil-temperature indicators, water- or oil-flow indicators, and 
other special devices may be mounted on the appropriate main panel, or on the 
control panel if remote control is practised. Bemote electrical control can be pro- 
vided on any panel. Lightning arresters are desirable on any panel which is con- 
nected to overhead lines. 

386. Bibliography (see explanatory note, § 68). 

Kegulations. 

H.O. Electricity Regulations for Factories and Workshops. 

H. O. Regulations as to the Installation and Use of Electricity in Mines. 

I. B.E. Wiring Rules. 

Standardisation Reports, etc. 

(1) jB,E.S.A. Reports. 

No. 109. Specification for Air-Break Knife Switches and Laminated 
Brush Switches for Pressures not Exceeding 660 V. 

No. 110. Specification for Air-Break Circuit Breakers for Pressures not 
Exceeding 660 V. 

No. 116. Specification for Oil-Immersed Switches and Circuit Breakers 
for Alternating Current Circuits. 

No, 124. Specification for Totally Enclosed Air-Break Switches for 
Pressures not Exceeding 660 V. 

No. 126.' Specification for Flameproof Air-Break Switches for Pressures 
not Exceeding 660 V. 

No. 127. Specification for Flameproof Air-Break Circuit Breakers for 
Pressures not Exceeding 660 Y. 

No. ISO. Specification for Totally Enclosed Air- Break Circuit Breakers 
for Pressures not Exceeding 660 V. 

{See also B.E.S.A. Reports on Motor Starters and Controllers, Chapter 29, 
Bibliography). 

(2) B.E.A.M.A. Standardisation Buies for Electrical Machinery. 

Books. 

Electric Switch and Controlling Gear. C. C. Garrard (Benn Bros.). 

High-Tension Switchgear. H. E. Poole (Pitman). 

High-Tension Switchboards. H. E. Poole (Pitman). 

I.B.E. Papers. 

Switchgear Standardisation. 0. C. Garrard. VoL 56, p. 213. 

Note . — Much information on switches and switchgear is contained in 
papers which deal primarily with other subjects. 

Miscellaneous. 

Important articles appear frequently in the technical press. See also the 
Bibliographies of Chapter 15 (§ 360) and Chapter 29 (Vol, 2). 
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BBREVIATIONS and aymbols, G. 
Absolute temperature, 166. 

— units, 2. 

Accessories in wiring (see Vol. 2). 
Accumulators (electrical) (see Secondary cells). 
as phase advancer, 160. 

— steam, 177. 

Accuracy of instruments, 92 el seq. 

Acid-proof paints, 76. 

Acre-foot, 202. 

Acyclic generator, 134, 137. 

Aczol, 86. 

Addition of loads of various P.F., 167. 
Adhesive tape, 74. 

Advance alloy, 67 (Table 6). 

Aerial lines (see Overhead lines). 

Ageing magnets, 83. 

Agriculture, electricity in (see Vol. 2). 

Aib— ■ 

— -break switches, 364 et seq. 

— -cooled generators, 146. 

— dielectric, 73 (Table 7), 78, 79, 287. 

— -gaps, 43, 45. 

in solenoid, 365. 

— gas, 178. 

— -pump, condenser, 175. 
supply to generators, 360. 

— temperature and cables, 291. 

Alcohol fuel, 178, 179. 

— engine, 180. 

Allis engine, 172. 

Alloys, resistance of, 67 (Table 6). 
Alternating Current — 

and continuous, 10, 294. 

boosters, 142. 

elementary, 10 ci seq. 

potentiometer, 96. 

rectiGed, 13. 

transmission, 294 et seq. (see Trans- 
mission). 

wattmeters, 110. 

Single-^hase — 

elementary, 11. 

transmission, 297-300, 304, 306. 

Two-phase, 16. 

Thru-phut — 

alternators, 134, 141, 143. . 


Alternating Current, Three-phetse (cimt.)- 

cables, 311. 

elementary, 16. 

lines, 306, 313. 

power, 110. 

sequence, 160. 

transmission, Chap. 11. 

voltmeter, 100. 

Alternators — 

— asynchronous, 144. 

— delta and star connections, 143. 

— elementary, 132, 133. 

— excitation of, 140. 

— hydraulic drive, 264. 

— impedance, 137. 

— parallel running, 149, 160. 

— power to drive, 164. 

— pressure regulation, 147. 

— rating, 136. 

— reactance, 147. 

— speed of driving, 146, 264. 

— star and delta connection, 143. 

— synchronising, 149, 321. 

— synchronous, 143. 

— turbine driven, 146, 146. 

— voltage regulation, 147. 

— water-wheel driven, 264. 

Altitude, effect on power, 179. 

Aluminium — 

— arresters, 346. 

— bufi-hars, 383. 

— cables, 290. 

— conductors, 324, 331. 

— constants, 63, 66, 308. 

— overhead wires, 328. 

— properties, 63, 66, 308. 

— regulations as to, 324. 

Aluminium-bronze, 67 (Table 6). 

Alundum, 85. 

American frequencies, 135. 

Ammeters, 97, 100, 135, 386. 

Ammonium sulphate, 169. 

Amorphoao carbon, 66. 

Ampere (see also Current) — 

— balance, 101. 

— definition, 2, 3. 

— effective or virtual, 29. 

— elementary, 26. 
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Ampere [ cont .) — 

— -hours, 28. 

meters, 97, 113, 114. 

— maximum, A.C., 31. 

— meters {nee Ammeters). 

— -second, 2, 28. 

— -turns, 42. 

on instruments, 98. 

magnet, 81. 

Ampere’s rule, 33. 

Amplitude of curve, 66. 

Analysis of costs, 194, 269. 

Andhra Valley plant, 242. 

Angle insulators, 330. 

— stays, 326. 

Annealed and hard-drawn copper, 295. 
Annual flow off catchment, 204. 

Anode and cathode, 127. 

Antimony, 66, 127, 346. 

A-posts, 323. 

Aperiodic instrument, 90. 

Apparatus, protection of, Cliap. 15. 
Apparent power, 66, 110, 163. 

— resistance, 44 (see Impedance). 
Applications of electric energy (see Vol. 2). 
Arc — 

— lamps and frequency, 136. 

power factor, 166. 

— lighting dynamo, 138. 

— suppressor, 351. 

Arcing grounds, 351. 

— tips, 366. 

Area required for plant, 196. 

Argentan, 67 (Table 6). 

Annature, 132, 133. 

— -volts, 138. 

Armoured cables, 283, 290. 

— draw-out switchboard, 380. 

Amo meter, 274. 

Aron meter, 116. 

Arrangement of switchboards, 382. 
Arresters, lightning, 346. 

Artificial silk, 74. 

Asbestos, 73 (Table 7), 74, 80, 85. 

Ash disposal, 196. 

Asphalt, 75. 

Association cable, 281, 284 (see Cable). 
Asynchronous alternator, 144. 

Atmospheric condenser, 176. 

Attraction between conductors, 338. 
Automatic — ‘ 

— devices for switchgear, 373. 

— stations and sub-stations, 187. 

— switches, 366 et seq. 

Average value of sine wave, 30. 

Babcock & Wiicox boilers, no. 

Back E.M.r., 28. 


BakeHte, 73 (Table 7), 74, 75. 

Balanced and unbalanced circuits, 110. 
Balanced voltage protection, 359. 

Balancer panels, 385. 

Balancers and 3-wire generators, 141. 
Balancing reservoirs, 240. 

Ballistic galvanometer, 96. 

Banka turbine, 133. 

Bare conductors, 4. 

Barometric conden.ser, 175. 

Bastian meter, 114. 

Battery, 127, 128 (sec Primary cells ; Secon- 
dary cells ; also Vol. 2). 

— cut-outs, 358. 

— floating, 142. 

— meters, 114. 

— panels, 385. 

Bauxite, 85. 

Bazin’s formula, 210, 211. 

BB alloy, 67 (Table 6). 

Beacon metal, 67 (Table 6). 

B.E.AM.A., 152. 

Beard-Hunter sheathed pilot system, 369. 
Beard self-balance protective system, 369. 
Beaver’s test for tinning, 282. 

Belt driving, 164. 

Benzine, 73 (Table 7). 

Benzol, 169. 

B.E.S.A. {see British Engineering Standards 
Association). 

Biassed relay and transformer protection, 369. 
Bibhographies, 68, 87, 126, 162, 163, 184, 199, 
268, 267, 276, 293, 336, 360, 386. 
Bichromate cell, 127. 

Bimetal fuse wire, 342. 

Bismuth, 66, 67 (Table 6), 121, 127, 346. 
Bitumen, 73 (Table 7), 74, 

— cables, 283, 287. 

— dielectric, 287. 

Blast-furnace gas, 167, 178, 181. 

Bleeding steam, 170- 

Board of Trade, 293, 324 (se^ also Electricity 
Commissioners). 

unit {see Unit). 

Boilers, mercury, 166. 

Boilers, Steam — 

— Babcock, Bonccourt, Stirling, 170. 

— general, 1 66 et seq. 

— grate area, 170. 

— heating surface, 170. 

— -house efficiency, 171. 

— losses, 171. 

Bonccourt boiler, 170. 

Boostera, 142. 

Boulder crates, 236. 

Bowden-Thomson sbeathed-cable system, 369. 
Branch circuits and control {tsee Vol. 2). 

— switches (see Vol. 2). 

Brass, 65, 67 (Table 6). 


INDEX TO VOLUME I 


References are to numbered paragraphs, not to pages. 


.Breakage of overhead wires, 324. 

Breakdown voltage, 70, 72. 

of air, 78, 79. 

Breaking capacity of switches, 369-37 L 
Beeaking Steess — 

aluminium, 308. 

bronze, 331. 

copper, 295, 307, 324. 

dip and, 328, 329. 

insulators, 330. 

of wires, 324. 

overhead construction, 324 el seq., 328 et 

seq. 

poles, 324, 325. 

stay wires, 326. 

steel wires, 300. 

Bridge, Wheatstone’s, 120. 

Beitish — 

— and Allied E.M.A., 162. 

— Engineering Standards Association Re- 

ports, 6, 7, 12, 23, 68, 67, 87, 92, 108, 
125, 136, 152, 173, 184, 279, 293, 311, 
324, 336, 360, 363, 375. 

— standards, conductors, 279. 

rating, 136. 

switchgear, 372. 

— thermal unit, 48, 50, 62, 63. 

— Thomson-Houston frequency meter, 112. 
protective system, 359. 

Bronze, 65, 67 (Table 6), 331, 335. 

Brown coal, 168. 

Brushes, 66, 133- 
.Brush discharge, 316. 

— volts, 138. 

Bucking transformer, 142. 

Buckley’s pocket-book, 204. 

Buffer resistance, 368. 

Buildings for power-house, 196. 

Building up field, 138. 

Bunching conductors, 4. 

Bus Bae — 

connections, 383. 

excitation, 148. 

— — reactance, 340. 

By-products from fuel, 169. 

(Cables (see also Conductors ; Wires) — 

— and wires. Chap. 13. 

overhead lines, 334. 

— armoured, 283, 290. 

— Association grade, 281, 284. 

— bitumen fhsulated, 283, 287. 

■— cab-tyro sheathed, 74, 283. 

— capacity and charging current, 307, 311. 

— class of, 283, 

— construction and jointing, 290. 

— drop of pressure in, 24, 286. 

— extra high pressure, 288, 289, 


Cables (co?iL } — 

— fireproof, 283. 

— grade of, 281. 

— graded, 289. 

— heating of, 291, 312, 338. 
impedance, 310. 

— I.E.E. rules, 280, 285. 

— inductance, reactance, impedance, 310. 

— insulated, 310 el seq, 

— intersheath, 289, 311, 319. 

— Makers’ Association, 281, 284. 

— mining (see Vol. 2). 

— paper insulated, 311. 

— pressure drop, 24, 286. 

— reactance, 310. 

— resistance (see Resistn,nce). 

— submarine, 292. 

— tropical, 281, 

— underground. Chap. 11. 

— vulcanised india-rubber, 283, 287. 
Cab-tyre sheathing, 74, 283. 

Cadmium — 

— properties, 67 (Table 6), 127. 

— -copper alloy, 65, 331. 

— standard cell, 128. 

Calculation of short-circuit current, 339. 
Calido alloy, 67 (Table 6). 

Californian Edison Co., 315. 

Calorie and great calorie, 48. 

Calorific values, 168, 170, 171, 178, 191. 
Cambric ii^ulator, 73 (Table 7), 74, 287. 
Canal falls, 218. 

Canals and forebays, 231. 

Capacity, Electeostatic — 

cables, 307, 311. 

— — concentric cables, 311. 

condensance and, 46. 

currents (see Charging currents). 

elementary, 2, 46. 

frequency and, 135. 

of insulator, 330. 

overhead lines, S.P., 305. 

three-phase, 306. 

power factor and, 156. 

reactance, 46, 135, 304. 

resonance and, 350. 

tables of, 307. 

Cap insulators, 330. 

Capital cost and charges, plant, 194, 195. 
Carbon — 

— breaks, 365. 

— electrodes, 66. 

— properties, 66 (Table 6). 

— steel, 66 (Table 6). 

— tetrachloride, 77, 375. 

Carborundum, 67, 85. 

Carriage and water-power, 217. 

Carry-over storage of water, 244. 
Cartridge fuses, 375, 
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Cast iron, 64, 67 (Table 6), 82. 

Castor oil, 73 (Table 7). 

Cast steel, 82. 

Catchment areas, 202, 203. 

Cathode and anode, 127. 

Cathode (Kathode) ray oscillograph, 118. 
Cells (^ee also Primary cells ; Secondary 
cells) — 

— elementary, 127. 

— standard, Clark & Weston, 95, 128. 

Cellalar type switchboards, .376, 378. 

Celluloid, 73 (Table 7). 

Cellulose siUc, 74. 

Cefnent as insulator, 76. 

Centralisation of plant, 185 et seq. 

Central stations, 18.5 ei seq. 

output statistics, 197. 

Ceylon, water*power, 243. 

C.G.S. system of units, 2. 

Channels, water, 211, 212, 237. 

Characteristic curves, 134, 138. 

Charcoal iron, 82. 

Charge indicator, 104. 

Charges for electric supply (see Tariffs). 

— standing and working, 194. 

Charging contacts, 368. 

— electrolytic arrestors, 346. 

Charging (or Capacity) Current — 

cables, 307, 311, 351, 369. 

earths and, 361. 

elementary, 46. 

frequency and, 136. 

overhead lines, 136, 306, 306, 

power factor and, 166. 

protective systems and, 369. 

Chatterton’s compound, 74. 

Cheater plant, 223. 

Choking coils, 45, 348. 

Chromite, 86. 

Chromium alloys, 83. 

Chronic alloy, 67 (Table 6). 

CrROtnT(s) (see also Vol. 2) — 

— breaker, 343 et seq., 361, 366 tt seq. 

— closed, 9. 

— elementary. 9. 

— magnetic, 41. 

— open, 9. 

— protection of, Chap. 16. 

— short (see Short-circuit). 

Circular mil, 292, 309. 

Circulating current protection, 369. 
CJirculating water, 176. 

Cark cell, 128. 

CLVSSIIiTOATrON — 

— instruments, 89 et seq. 

— insulators, 73. 

— materials, 69, 60. 

— water-power, 203. 

Class of cables, 283, 


Class of dielectrics, 70 et seq. 

Climax alloy, 67 (Table 6). 

Coal — 

— coke and, 168. 

— consumption, 191 to 194. 

— gas, 178. 

— grate area and, 170. 

— storage, 196. 

Cobalt, 67 (Table 6), 81. 127. 

— alloys, 83. 

I CoejB&cients, hydraulic, 206, 207, 210, 212, 
247. 

Coercive force, 81-83. 

Coil — 

— armature, 132, 133. 

— choke, 46, 348. 

— dissonance, 351. 

— pressure reducing (volt-box), 95, 107. 

— reactance, 46, 348. 

Coke, 168. 

— ovens and by-products, 169. 

gas, 167, 181. 

Collector ring, 133. 

Comb arrester, 346. 

Combined sots, cost, 189. 

Combustion, internal and external, 166. 

Comet alloy, 67 (Table 6). 

Commercial measurements, 97. 

Commutation, sparkloss, 139. 

Commutator, 133. 

— motor and frequency, 135. 

Companies and local authorities, 195. 
Composition of alloys, 67 (Table 6). 

fuels, 168. 

Compounds, insulating, 74. 

Compound engines, 172. 

wound generators, 134, 138, 148. 

Compressed air as dielectric, 78. 

Concentric cables, capacity, 311. 

Concrete as insulator, 74. 

— poles, 323. 

Condensanco, 46, 304. 

Condenser (Electric) — 

cable as, 304. 

elementary, 46, 67. 

Mosoicki, 346. 

power factor and, 166, 160. 

type insulators, 368. 

voltmeters with, 107. 

Condensers, steam, 175, 191. 

Condensing endues, 172. 

! Conductance, 18. 

Conductivity of metals, 62 et seq.- 
Conductors — 

— aluminium, 63. 

— attraction and repulsion of, 338. 

— hare, 4. 

— bronze, 66, 66, 331. 

— copper, 279 et seq., 307, 
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Conductors { cont .) — 

— current density, 

— definition, 4, 69, 

— earthed, 4, 353. 

— economic section of, 333. 

— formulae for line, 324 et seq. 

— hard-drawn copper, 307. 

— insulators and, 59. 

— Kelvin’s law, 333. 

— lightning, 348. 

— regulations as to, 324, 336. 

— See also Cables ; Various metals ; Wires. 
Connection. {See also Vol. 2, Circuits and 

Connections.) 

— between generating stations, 186. 

— bus bars and, 383. 

— phase, 160. 

— to supply, 185. 

Coustantan alloy, 67 (Table 6). 

CoN.STANT Current — 

dynamo, 138. 

system (Thury), 317. 

transmission, 289, 294, 317, 318. 

Constants of— 

aluminium, 308, 331. 

bronze, 33 L 

cadmium-copper, 331, 

conductors, 67 (Table 6), 331. 

hard-drawn copper 307. 

insulators, 73 (Table 7). 

steel wire, 300, 331, 

water-power, 202. 

Constant pressure dynamo, 138. 
Construction of — 

cables, 290. 

oil switches, 368. 

switchboards, 382. 

Consuruer’s pressure, 23. 

Contactors, 374. 

Continuous Current — 

compared with A.C., 10, 294 et seq. 

— — direction of, 33 to 35. 

elementary, 10, 14. 

— — generator {see Dynamo). 

motor (see Motor, D.C.). 

transmission, 294, 297, 317. 

— and short-time rating, 136. 

Control — 

— and damping, OO- 

— in. branch circuits {see Vol. 2). 

— of wiring circuits (see Vol. 2). 

— panels, 385. 

— power factor correction and, ICl. 

— transmission and. Part III. 

Conventional signs, 7. 

Converters, 142 (see Vol. 2). 

Conveyors, coal, 196. 

Cooling towers, 176, 

Copal, 74. 


Copper — 

— annealed, 62, 66. 279. 

— area of, conductors, 279. 

— breaking stress, 62, 66. 

— British standards for, 279. 

— bus bars, 383. 

— conductivity, 62. 

— conductors, 62, 66, 279. 

formulae for, 295. 

regulations for, 324, 336. 

— density, 62, 66. 

— dip and stress of, 327 et seq. 

— elasticity, 62, 66. 

— expansion coefficient, 66. 

— for transmission, 328. 

— fuses, 342. 

— general formulae, 

— hard-drawn, 66, 295, 307. 

— in eloctro-chemical series 127. 

— resistance, 62, 66. 

— sheathed cables, 359 {sea also Intershcaths). 

— temperature coefficient, 62, 66. 

— weight, 62. 

— wires, standard, 279. 

Copper-cadmium wire, 331. 

constantan couple, 122. 

Core-balanced protection, 369. 

— material of, 82. 

Cornish boilers, 170. 

Corona discharge, 316. 

Corrosion, 324. 

Correction of power factor, 169-162. 
Corundum, 85. 

Cost(s) — 

— Capital and working, 194. 

— of central station plant, 195- 

combined steam sets, 189. 

electric supply, 269. 

electric installation (^ee Vol. 2). 

hydro-electrio works, 216. 

overhead lines, 332, 334. 

power factor correction, 162. 

steam sets, 189. 

— tariffs and. Chap. 12. 

— wiring (sea Vol. 2). 

— working and fixed, 194. 

Cotton, 73 (Table 7), 74, 80. 

Coulomh, 2, 28. 

Counter E.M.r., 132, 

Couple, galvanic, 127. 

Cranes, electric (see Vol 2). 

Creosote, 86, 32^ 

Crest factor, 30. 

Crest voltmeter, 106. 

Crompton’s rule, 33. 

Crossing wires, 324. 

Crude oil, 178, 180. 

Crystals and piezo effect, 130. 

Cubio meters and feet, 202. 
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Cupro-nickcl, 67 (Table 6). 

CuBRBNT (fiee also Ampere) — 

— capacity or charging (^ee Charging current). 

— continuoxis {see Continuous current). 

— density, 27. 

in switches, 369. 

— direct {see Continuous cui-rent). 

— direction of, 33-35, 127, 358. 

— effective, 29, 49. 

— elementary, 2, 25. 

— excessive, 337, 338. 

— fusing of wires, 342. 

— heating cables by, 291. 

— lagging and leading, 46, 153 et seq., 304. 

— limiter, 272, 374. 

— limitation, 337, 340. 

— magnetism and, 33, 35. 

— maximum in A. C., 31. 

on short-circuit, 338, 339. 

— measuring, 98 et seq. 

— meters, water, 207. 

— pressure and, of S-phase alternator, 143. 

— rectified, 13, 132. 

— reverse, 358. 

~ R.M.S., 29. 

— shunt, 138. 

— sine wave, 29 to 31. 

— transformers, 107, 108, 384. 

— virtual, 29. 

— wattless {see Wattless currents). 

in cables, 312. 

Ciurves, mass, hydraulic, 209. 

CtJSEC — 

— and ampere, 25. 

— equivalents, 202. 

— meaning of, 201. 

Cut-outs, fusible, 342, 375. 

Cutting and welding, electric (^ee Vol. 2). 
Cycles, 12, 135. 

Cyclic irregularity, 149. 
cyclometer dials, 113. 

Cyhnder gate, 221. 

OaLMARNOCK station, 196. 

Damping and control, 90. 

Dams, 219, 225, 244. 

* Danger ’ defined, 353. 

Daniell cell, 127. 

Darjeeling plant, 256. 

D’Aisonval galvanometer, 96. 

Dashpots on relays, 344. 

Dead-beat instruments, 90. 

Definite time-hmit relay, 344. 

Defiottioks — 

— general. Chap. 1. 

— I.E.E., 4. 

— International, 3, 6. 

— pressure, 22. 


I Deflectors, jet, 255. 

Delivered pressure, 23. 

Delta connections, 143, 158, 314' 

Density, current, 27, 369. 

[ Density of materials, 60, 67 (Table 6). 
Depreciation and maintenance {see Vol. 2). 
Depth, hydraulic mean, 210. 

Detector galvanometer, 96. 

Dials, cyclometer, etc., 113. 

Dial synchroscope, 149. 

Diamagnetic, 32. 

Dickens’ run-off formula, 204. 

Dielectric — 

— breakdown, 89. 

— constant permittivity, 46. 

— defined, 4. 

— hysteresis, 60, 70. 

— loss in cables, 312. 

— properties of various. 10 et seq. 

— strength, 70, 72. 

of air, 78, 79. 

Diesel engines, 167, 179, 180. 

Difference of potential, 22. 

Dimming resistance, 68. 

Dinas bricks, 85. 

Dip and stress, 327, 328, 329. 

Direct current {see Continuous current). 
Direction of current, 33-35, 127, 358. 
Dtsohaege — 

— corona, 316. 

— sluices, 213. 

— streams, 206. 

— w’ater in pipes, 232, 246 et seq. 

— weirs and notches, 205. 

Disruptive critical voltage, 316. 

Dissonance coil, 351. 

Distribution in branch circuits {see Vol. 2). 

— panel, 386. 

Diversity factor, 262 et seq. 

Diverting jets, 256. 

Dolomite, 85. 

Draft tube, 214, 218, 220, 232, 233. 
Dransfield voltmeter, 100. 

Drawing-in cables, 290. 

Draw-out switchboard, 376, 380. 

Driving, electric {see Vol. 2). 

Drop of pressure, 24, 286. 

Drowned weir, 205. 

Dry cells, 127. 

Drysdale potentiometer, 05. 

— wattmeter, 109. 

Dry tost of insulators, 330. 

Duddell oscillograph, 118. 

— thermo-ammeter, 99. 

— -Mather wattmeter, 109. 

Dynamo {see also Alternator ; Generator). 

— acyclic, 137. 

— armature, 132, 133. 

— balancing on 3- wire, 141 . 
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Dynamo {cont .) — 

— battery cliarging, 138. 

— brushes, 1^3- 

— characteristic curves, 134, 138. 

— commutation, 139. 

— commutator, 133. 

— compound wound, 134, 138, 148. 

— efficiency, 146, 167. 

— elementary, 132. 

— excitation, 140. 

— homopolar, 137- 

— interpoles, 139. 

— magnets, 32, 35,40 et seq., 81-83, 133, 138. 

— parallel running, 148. 

— power to drive, 164. 

— rating, 136. 

— residual magnetism, 81-83, 138. 

— scries and shunt wound, 138. 
Dynamometer Type — 

instruments, 101. 

relays, 368. 

wattmeters, 109. 

Dyne, 2. 

Earth— 

— connection, 4, 347. 

— intermittent, 361. 

— plates, 347, 348. 

— potential, 24. 

— relays, 369. 

— wires, 324, 347. 

Earthed (conductor) defined, 4, 353. 
Eartking — 

— definition, 4, 363. 

— lightning arrester, 346. 

conductor, 348. 

— neutral, 354. 

— posts, etc., 323, 324. 

— regulations as to, 383. 

Ebonite, 73 (Table 7), 74. 

Economics of steam and water power, 217. 

overhead and underground wires, 333. 

power factor correction, 162. 

Economiser, 170. 

Eddy currents, 39, 81, 82, 135. 

braking, 114. 

Edina alloy, 67 (Table 6). 

Etfective volts and amperes, 29. 

Efficiency’ — 

— alternators, 146. 

— boilers, etc., 170. 

— combined sets, 189. 

— Diesel engines, 167, 179. 

— dynamos, 146, 167. 

— electrical, 

— engines, heat, 167, 179. 

— frequency and, 135. 

— fuel and, 166. 


Efficiency ( cont .) — 

— generators, 146, 167. 

— power factor and, 156. 

— power-house, 191. 

— probable limits, 191. 

— turbines, steam, 173. 

water, 201, 

Einthoven string galvanometer, 96. 

Elastic bitumen, 74. 

Elastioity — 

— copper, 62, 67 (Table 6). 

— metals, 67 (Table 6). 

— wires, 324. 

Elaterite, 74. 

‘ Electrical Times ’ tables, 194, 269. 
Elbcteicity in agriculture and mining (see 
Vol. 2). 

— Commissioners and Regulations, 135, 191, 

195, 197, 198, 293, 324, 326, 336. 

— regulations (factory and workshop), 68, 

161, 152, 293, 353, 366, 382. 

— Supply Act, 1919. 198, 322. 

1922, 276. 

Electric lighting, lieating, circuits, cutting, 
welding, furnaces, magnets, precipitation, 
motors, driving, lifiiig, traction, road 
vehicles, ship-propulsion {see Vol. 2). 

— • horse-power, 51. 

— lighting Acts, 198, 275, 322. 

— properties of metals, 59-65. 

— supply, public, 268. 

Electrochemical — 

— generator, 127, 128. 

— instruments, 89 et seq. 

— phase advancer, 160. 

— processes {see Vol. 2). 

— series, 127. 

Electro-chemistry {see Vol. 2). 

Electrodes, 66. 

Electrodynamic units, 2. 

Electrolysis, 127. 

Electrolyte, 68, 127. 

Electrolytic — 

— cell, 127. 

— corrosion, 324. 

— instruments, 89 et seq. 

— iron, 82. 

— lightning arresters, 346. 

— meters, 113, 114. 

Electromagnets, 32, 41, 133 (see also Vol. 2). 
Electromagnetic generators, 132. 

— instruments, 89 et seq. 

Electro-metallurgy {see Vol. 2). 

Electrometer, 96. 

Electromotive force, 22 {see Pressure). 

— counter, 132. 

— of thermo-couple, 122. 

Electroplating cell, 127. 

Electro- positive and negative elements, 127. 
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Electrostatic — 

— capacity of cables, 311. 

— charge indicator, 104-. 

— flax shield, 330. 

— generator, 131. 

— grading of insulators, 330. 

— instruments, 89 ct seq. 

— ohnimeter, 119. 

— oscillograpli, 118. 

— units, 2. 

— voltmeter, 103, 104, 107. 

Elementary explanation.^, 8 et seq. 

Elongation in wires, 324. 

Elverson oscilloscope, 123. 

Empire cloth, 74. 

Enamelled wire, 80. 

Enamels, insulating, 76. 

Enclosed fuses, 375. 

End contractions in weirs, 205. 

End turns and surges, 349. 

Energy — 

— consumption of (sec Units B.T.U.). 

— measurement, A.C., 110. 

— sources of, 126. 

— stored in field, 67. 

Engines, Steam — 

compared wth turbines, 189. 

condensing and non-condensing, 172. 

consumption of steam, etc., 167. 

— gas and oil, 167, 179, 181. 

Equalising circuit for compound dynamos, 148. 
Equivalents, electrical and mechanical, 48 c< 
seq. 

— hydraulic, 202. 

Erg, 2. 

Erinoid, 73 (Table 7), 74. 

Errors of instruments, 92 et seq. 

Eureka alloy, 67 (Table 6). 

Evaporation in boilers, 170. 

Evaporative condensers, 175. 
Everett-Edgoumbe power factor indicator. 111. 

— synchroscope, 149. 

Examples of tariffs, 276. 

Excessive pressure, cau.ses, 346, et seq. 
Excitation of dynamos, 140. 

Exciter, 133, 140. 

Exhaust Steam — 

turbines, 173. 

utilisation of, 176, 188. 

Expansion of metals, 67 (Table 6), 331. 
Export of power, 198. 

Explosion-proof tanks, 356. 

External and Internal — 

characteristic, 138. 

combustion, 166. 

resistance, 21. 

Extra high pressure, 22. 

cables, 288, 289. 

•»=r ^ t^r^qsmissjon, 315 seq. 


Faceplate sWitchcs, 374. 

Factory and Workshop Regulations, 58. 1.51, 
162, 29.3, 353, 366, 382. 

Factor oe Saeety — 

conductors, 324. 

— insulators, 324. 

overhead wires, 324. 

— pipes for water power, 248. 

poles, 324. 

stays. 324, 326. 

Failure of insulation and protection, 352. 

Fall or Head — 

on canals, 218. 

general, 201-203, 216. 

high, Chap. 10. 

low, 218-223. 

medium, 224-233. 

variable, 223. 

Faiads, 2. (*S’ee also Capacity.) 

Faults — 

— general, Chap. 15. 

— relays and, 344. 

— to earth, 351. 

Feeder — 

— panels, 386. 

— reactance, 340, 370. 

— services and, 334. 

Feed water, 171. 

Feme alloy, 67 (Table 6). 

Ferrauti-Field leakage protection, 362. 
Ferranti-Hawkins, core balance system, 359. 
Ferro-nickel, 67 (Table 6). 

Ferrozoid alloy, 67 (Table 6). 

Ferry alloy, 67 (Table 6). 

Fibre, vulcanised, 73 (Table 7), 

Fibroid, 74. 

Fibrous insulators, 74. 

Field — 

— alternator, 133, 140. 

— building up, 138. 

— dynamo, 140. 

— elementary, 32, 40 et seq. 

— general, 133. 

— magnets, 133. 

— residual, 81-83, 138. 

— rheostats, 386. 

— synchronous motor, 160. 

Filters for ventilators, 146. 

Firth’s steel, 81. 

Fire risk, 366. 

Fireclay, 86. 

Fish paper, 74. 

Fixed charge per lamp, 272. 

Fixed coil galvanometer, 96. 

Flameproof fuses, 375. 

— switchboards, 376, 379. 

— switches, 366. 

Flash-over voltage, 330, 338, 
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Flat rate charges for energy, 270. 

Fleming’s rule, 36. 

Flexible A^Iiiies and Cables — 

general, 284, 285. 

— I.E.E. rules, 286i 

Floating battery, 142. 

— weir, 244. 

Flood discharge, 204. 

Flow of current, direction of, 33-36, 127, 368. 
Flow of Water — 

and storage, 234 et seq., 243. 

approximations, 202. 

from catchments, 204. 

in pipes, 232, 246 et aeq. 

— over weirs, 206, 244. 

through sluices, 213. 

Flue gas analysis, 171. 

Flumes (water channels), 211, 212, 237. 
Fluor-spar, 130. 

Flux, Magnetic — 

density^ 82. 

general, 41, 43. , 

measures, 121. 

meter, Grasset, 121. 

shield, 330. 

Foot-pounds, 2, 48, 60, 62, 53, 201. 

Force, 2. 

— linos of, 35, 41. 

‘ Forced draught machine,’ 4. 

Forobays, 231, 235, 246. 

Form factor, 30. 

Formite, 73 (Table 7), 74, 76. 

Formula} for transmission, 296, 297 et seq. 
Fractional distillation, 169. 

Fractionating rain-gauge, 204. 

Fractions in oil, 17^ 

Francis wheel, 203, 214, 215, 221, 233. 

Freight and water-power, 217. 

FREQUICNCy — 

— clmngors or convertors, 136, 186 {aee also 

Vol. 2). 

— effoots ojE various, 135. 

— errors in iiistrumentH, 92. 

— general, 47. 
measures, 112. 
meters, 112, 386. 

— speed and, 123, 136. 

— - st-andard, 134, 135. 

Frictional machine, 131. 

Friction tape, 74. 

' — in water pipes, 247. 

Front and back connections, 363. 

Fuel — •• 

— capital costs and, 217. 

— consumption of internal combustion en- 

gines, 179. 

— costs, 269. 

— gaseous and liquid, 178, 179. 

•r— general, 168, 


Fuel {coni.) — . 

— grate area and, 170. 

— Besearoh Board, 169. 

— steam consumption and, 167. 
Fullerboard, 74. 

Fuller ceU, 127. 

Furnaces, electric, 156 {see also Vol. 2). 
Fuses — 

— bimetal, 342. 

— cartridge, 376. 

— copper, tin, lead, 342. 

— enclosed, 376. 

— high-tension, 376. 

— in telephone circuit, 336. 

— oil-immersed, 376. 

— standard, B.E.vS.A., 375. 

— -switch, 4. 

— trip relay, 344. 

Fusing currents, 342. 

CjALALITH, 73 (Table 7), 74. 

Gallons and cusecs, 202. 

Galvanic couple, 127. 

Galvanometers, 96. 

Ganister brick, 86. 

Gas — 

— blastfurnace, 167. 

— engines, 167, 179, 181. 

— fired boilers, 170. 

— fuel, 168, 178, 179. 

— producer (suction), 167. 

— town, 167. 

— turbine, 179, 183. 

Gates, water, 221. 

Gauge, wire, standard, 279. 

Gauss, 1, 40. 

General Electric Oo., 316, 371. 

Generating costs, 194. 

Generating station, automatic, 187. 
Generators {see also Alternator ; Dynamo) 

— and accessories, Chap. 4. 

— burning out of, 366. 

— capacity, in power-house, 189. 

— delta connection, 314. 

— efficiency, 167. 

and ventilation, 14(>. 

— electrostatic, 131. 

— elementary, 132 et seq. 

— frequency, 136. 

— high-speed, 145. • 

•— parallel-running, 148-160. 

— panels, 385. 

— power to drive, 164. 

— rating and temperature rise, 136. 

— reactance, 340. 

— series, Thury, 317. 

— star conneotion, 314. 

Gennevilliers plant, 173, 196, 288, 366, 
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German silver, 67 (Table 6). 

Gilbert, 42. 

Giles’ valve, 346, 

Gilsonite, 74. 

Girard wheel, 233. 

Glass, 73 (Table 7), 80. 

— insulators, 74, 330. 

Glasgow system of charging for energy, 273. 
Glow lamps and power factor, 166. 

Gold, 67 (Table 6), 127. 

Governors, water wheel, 221, 255, 256. 

Grade of cables, 281. 

insulation, 4. 

Graded insulation, 289. 

Gramme-centimetre 2. 

Graphical — 

— construction for single-phase Unes, 300. 
3-phase lines, 303. 

— method for power factor and K.V.A., 167. 
reactance, etc., 300, 303. 

— symbols, 58. 

Graphite, 66- 
Graphitised carbon, 66. 

Grasset fluxmetor, 121. 

Grate area, 170. 

Gravity control instruments, 90. 

Great calorie, 48. 

Grounds, arcing, 361. 

Grunsky’s coefficients, 207. 

Guard brackets, 324. 

Guttapercha, 73 (Table 7), 74. 

PI ADTIELD’S steel, 83, 84. 

Half and quarter wave transmission, 318. 
Hamilton poles, 323. 

Handyell system, 372. 

Hard-drawn copper, 66, 295, 307. 

Hard rubber, 74. 

Harmonics and resonance, 350. 

Head of Water — 

canal falls, 218. 

developments of high. Chap. 10. 

low, 218-223. 

medium, 224-233. 

elementary, 201. 

lost in pipes, 247. 

variable, 223. 

— works, 236. 

Heat — 

— distribution in boilers, 170. 

— losses in power-house, 191. 

— low grade and waste, 176, 188. 

Heaters, eleotric, and P.F., 166. 

Heating — 

— electric {see Vol. 2). 

— effect of short-circuit, 338. 

— of cables, 291, 312, 338. 

— of insulation, 362. 


Heating { co 7 it .) — 

surface of boiler, 170. 

Heenum alloy, 67 (Table 6). " 

Height of overhead lines, 324. 

Henley Manual, 291, 311. 

Henries and millihenries, 2, 36. 

Hewlett insulators, 330. 

High-fall water-power, Chap. 10. 
High-frequency currents, 47 {see also Light- 
ning). 

High Pressure, Electrical — 

cables, 287-289. 

defined, 22. 

transmission, 316 et seq. 

engines, 172. 

— -speed generators, 145. 

Hoisting, electric {see Vol. 2). 

Home Office regulations, 58, 151, 152, 293, 356. 
382. 

Homopolar dynamo, 134, 137. 

Honda’s steel, 83, 

Hopkinson’s law, transmission, 333. 

Horn — 

— arresters, 346. 

— fibre, 74. 

— gap switches, 364. 

Horse-fower — 

— equivalents, 61, 201. 

— hour, 63, 202. 

— indicated, brake, electrical, etc., 51, 202. 

— in water-power, 201. 

— of internal combustion engines, 179. 
Hot-spot temperature, 1 22. 

Hot- well, 176. 

Hot Wire — 

instruments, 89 ei esq., 99. 

oscillograph, 118. 

Howard leakage detector, 362. 

H-poles, 323. 

Humphrey pump, 182. 

Hunter four-core pilotless system, 369. 
Hydraulic analogies, 8, 9, 24, 46, 260. 

— mean depth, 210. 

Hydro-electrics, Chaps. 8-10. 

Hydrographs, 208, 200. 

Hysteresis, 34, 81, 82. 

— dielectric, 312. 

J CE on wires, 324, 331. 

Ideal alloy, 67 (Table 6). 

Idle component, 110. 

I.E.E. rules {see Wiring rules), 

Impedance — 

— cables, 310. 

— elementary, 44-46. 

— frequency and, 135, 

— on overhead lines, 299, 302, 307, 

— switching and, 370. 
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Imptidance { cont .) — 

— table of, ^07. 

Impregnation, 76, 86, 323. 

Impulse protective gaps, 346. 

Impulse wheels, 203, 214, 238. 

Incandescent lamps and power factor, .156. 
Incrustation of pipes, 247. 

India — 

— • rainfall and run-off in, 204. 

— water-power in, 242. 

cost of, 216. 

— wood poles in, 323. 

Indiarubber, 73 (Table 7), 74, 75, 287. 
Indicated horse-power, 61. 

Indicating devices on switchboards, 373. 
Indicator, P.F., 111. 

Induced E-M.!?. and fnquency, 135. 
Inductance — 

— cables, 310. 

— defined, 2. 

— overhead linos, 299, 302, 307. 

— resonance and, 350. 

— table of, 307. 

Induction — 

— alternator, 144. 

— ammeter, 102. 

— elementary, 35, 81, 82. 

— furnace and power factor, 156. 

— instruments, 89 et neq. 

— magnetic, 81, 82. 

— motor and frequency, 136. 

power factor, 166. 

relay, 344. 

— regulator, 142. 

— self and mutual, 2, 35, 30. 

— voltmeter, 102. 

— wattmeter, 109. 

relay, 358. 

Inductive coils for aiTCJsters, 346. 

— reactance and P.F., 156. 

Industrial processes, electrical {see Vol. 2). 

— load curves, 266. 

I.E.C. (see International Eleetro-tcchnical 
Commission). 

Influence machines, 131. 

Instantaneous relay, 344. 

Institution of Electrical Engineers, wiring 
rules, 4, 58, 152, 280 et seq., 293, 
366, 382. 

Gas Engineers, 169. 

Instruments and measuring. Chap. 3. 
Instrument transformers, 108, 384. 
InsulatedVires and cables, 310 et seq. 
Insulating materials, constants, etc., 70 et 
seq. 

— paint and varnish, 76. 

Insulation (aee also Dielectric) — 

— cables (see Cables). 

— class, 283. 


Insulation ( cont .) — 

— equivalent stress with A.C. and D.C., 

298. 

— failure of, 362. 

— grade o:^, 281. 

— graded, 289. 

— high-pressure cables, 287-289. 

— overhead lines (see Overhead lines). 

— resistance, 119. 

— voltage and strain on, 298. 

Insulators — 

— and conductors, 59. 

— capacity of, 330. 

— cap type, 330. 

— condenser type, 368. 

— general, 74, 330. 

— solid and plastic, 74. 

Installations and cost (see Vol. 2). 

Intensity rain-gauge, 204. 

Inter-connection of systems and plant, 186, 

320, 367 et seq. 

Interlocked switchgear, 366 et seq., 373. 
Intermittent earths, 361. 

Internal and external characteristics, 138. 
combustion, 166. 

— combustion engines (see Gas engines ; Oil 

engines). 

— resistance, 21. 

International definitions, 3. 

— Electro-technical Commission, 6, 62, 87. 

136, 162, 268, 262. 

— horse-power, 61. 

Interpoles, 139. 

Interruptions to supply, 366. 

— of excessive current, 341 . 

Intersheaths, 289, 311, 319- 
Inverse time limit relay, 344. 

Inward and outward flow turbines, 233. 
Ionisation, 79, 105, 316. 

Iridium, 67 (Table 6). 

Iron, properties, 64, 66, 82, 127, 331. 

Ironclad reactance, 340. 

— switchboard and switches, 366, 376, 

379. 

Iron conductors, 331. 

— -constantan couple, 122. 

Irwin oscillograph, 118. 

! Isolated neutral, 351. 

Isolating switches, 338, 361, 362, 385. 

J ET arrester, 346. 

— condenser, 176. 

Jets and impulse wheels, 255. 

Joints, cable, 290. 

— pipes, 262- 
Joule, 2, 57. 

Johnson valve, 263. 

Jute, 73 (Table 7), 74. 
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Kl.AI.ANITE, 75, 330. 

Kapp — 

— phase advancer, 160. 

— method of finding phase sequence, 

160. 

Kathode (Cathode), 118, 127. 

Kaplan wheel, 216. 

Kelvin balance, 101. 

Kelvin’s law, 333. 

Kicking coil, 346. 

Kieselguhr, 86. 

Kilogramme-calorie, 48. 

Kilovolt-ampere, 65, 66. 

Kilowatt, 60. 

— method of charge, 272. 

— -hours, 2, 62. 

generated in U.K., 197. 

Knife switches, 363. 

Kromore alloy, 67 (Table 6). 

Kruppin, 67 (Table 6). 

K.V.A., 65, 66. 

Kyanising, 86. 

Lagging boilers, i7i, 

— currents, 46, 163 et seq.^ 304. 
lakes, storage, 244. 

Lamp, slowing-down oscilloscope, 123. 

— sychroscope, 149. 

Lancashire boiler, 170. 

Lattice pole, 323. 

Law — 

— ■ Kelvin’s and Hopkinson’s, 333. 

— of electricity, 198, 275, 322. 

Laxapana hydro-electric scheme, 243. 

Layered insulation, 79. 

Lead and return, 9. 

Leai) — 

— -covered cable, 283. 

— fuses, 342. 

— properties, 66, 67 (Table 6), 127. 

— peroxide arrester, 346. 

Leading and lagging currents, 46, 163 ei seq., 
304. 

Leakage currents, 71, 95, 352. 

— and protection, 352. 

— in instrumente, 95. 

Leclanch6 cell, 127. 

Letheroid, 73, 74 (Table 7). 

Level and over-compounding, 138. 

Leyden jar, 46. 

life of wood poles, 86, 323. 
liifting dams, 219, 226. 

— magnets, 84. 

lifts, electric (see Vol. 2). 
light, velocity of, 47. 

Lighting, electric (see Vol. 2). 

— maximum demand, 266. 


Lightning — 

— and telephones, 336. „ 

— arresters, 46, 334, 336, 346, 386. 

— conductors, 348. 
lignite, 168. 

Lime-silica cement, 75. 
limitation of current, 337, 340. 

Linear expansion of metals,, 67 (Table 6). 
Line fault relays, 359. 

Linesman’s detector, 96. 

Lines of force, 36, 41. 

— overhead and underground, Chap. II. 
Linked switcli, 4. 

Lipman frequency meter, 112. 

Liquid — 

— fuel, 178. 

— insulators, 77. 

— resistance, 68. 

Litharge arrester, 346. 

Live steam utilisation, 176. 

Load ciurves, 266, 266. 

Load despatcher, 190, 382. 

Load Kaotob — 

and efficiency, 191, 194. 

and water-power 217. 

defined and explained, 261, 263 et 

Loading coils, 82. 

— transmission line, 318. 

Local action, 127. 

Local Authobities— 

and companies’ supplies, 196. 

wayleaves, 322. 

Lohys steel, 82. 

Long distance transmission, 316 ei seq. 

— spans, 324 et seq,, 329. 

Loss of head, 247. 

Losses in cables, dielectric, 312. 

plant, 191. 

power-house, 193. 

Low-grade heat, using, 176, 188. 

Low heads, hydraulic, Chap. 9. 

— -pressure turbines, 176. 

‘ — -pressure ’ (electric) defiriod, 22. 

— temperature distillation, 169. 

Low Voltage — 

and interruptions, 365. 

release, 356. 

tripping, 372. 

I Lucere alloy, 67 (7’able 6). 

Machinery, rating of, i36. ^ 
Magnesite, 86. 

Magnesium, 67 (Taljle 6), 127. 

Magnets — 

— elementary, 32, 40 et seq. 

— field, 133. 

— interpoles, 139. 

— lifting (see Vol. 2). 
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Magkkts {cant .) — 

— Maxwell’s ^ule, 32. 

— polarity and current, 32, 36. 

— reluctance, 41, 42. 

•— residual magnetism, 81-83, 138. 

Magnetic — 

— blow-out, 365. 

— circuit, 41. 
field, 40, 92, 

— flux measures, 121. 

— pyrometers, 122. 

— shunts, 107. 

— steel and non-magnetie, 81 e.t seq. 
Magnetisation curve, 81, 

Magnetism, current and motion, 35, 
Magnetomotive force, 41, 42, 

Magno-nickel, 67 (Table 6). 

Mains (see Overhead lines ; Cables). 
Maintenance, depreciation, and repairs, 194 
[see. also Vol. 2). 

Management in power-house, 194, 
Mangan-bronze, 335. 

Manganese — 

— properties, 127. 

— -copper, 67 (Table 6). 

— -steel, 67 (Table 6), 84. 

Manganin, 67 (Table 6). 

Manning’s formula, 212. 

Marble, 73 (Table 7), 74. 

Marylebone charges, 272. 

Moss, 2. 

— curves, hydraulic, 209. 

Mjvsttu' control, 373. 

Materials and properties. Chap. 2. 

Maximum — 

— flow-off catchment, 204. 

— - temperature in fabrics, 80. 

-- values in A.C., 31. 

— of volt and ampere, 31- 
Maxtmum Demand — 

isxplanation, 269 el seq. 

indicator, 117. 

tariffs, 272. 

Maxwell’s rule for magnets, 32. 

M‘Coll biassed relay system, 369. 

Moan and surface velocity of water, 206,210. 

value of sine wave, 30. 

Measueinq : Measurements — 

— accuracy of, 92. 

— conductance and resistance, 119, 120. 

— current and pressure, 98 el seq. 

— electrical, Chap. 3. 

— of flow l^f water, 206, 206, 210, 213. 

frequency, 112. 

■ maximum demand, 117. 

— flux, 121. 

— — power, 109. 

factor, 167. 

revolutions, 123. 


Measuring : Measurements (coni .) — 

■ — of supply, 113 et aeq. 

temperature, 122. 

wave form, 118. 

— instruments, 89 et seq. 

— resistance, 119, 120. 

— standard, 95. 

Mechanical effect of short-circuit, 338, 339. 

— efficiency, 166, 167. 

Mechanical Equivalents — 

of heat, 166. 

horse-power hour, 53. 

watts and kilowatts, 49, 50. 

watt-houra and kilowatt-hours, 62. 

Medium falls, water-power, 224. 

— pressure defined, 22. 

— resistance steel, 82. 

Megger test set, 119. 

Megohm, 19. 

Melting-point of metals, etc., 67 (Table 6). 
Mercury — 

— boiler, 166. 

— meters, 115. 

— properties, 65, 67 (Table 6), 127. 

Merz maximum demand indicator, 117. 

— -Hunter split-conductor system, 359. 
Merz-Price — 

— balanced voltage system, 359. 

— circulating current system, 369. 

— conductors, 288, 290. 

Mesh and star condenser connections, 160. 

— (Delta) connection, 143, 160. 

Metals, electro-chemical series, 127. 

— properties (see under Copper, etc.)* 67 

(Table 6). 

Metal-graphite brushes, 66. 

Meters — 

— ampere-hour, 114. 

— cyclometer dial, 113 

— electrolytic, 89, 114. 

— frequency, 112. 

— general, 64, 113 et seq. 

— maximum demand, 117. 

— phase. 111. 

— reading dials, 113. 

— recording, 93. 

Metering energy (see also Meters), 270. 
Metropolitan electric supply, 317. 

‘ Metropolitau ’ system of charging, 273. 

Mhos, 18. 

Mica, 73 (Table 7), 74, 80. 

— cloth, 73, 74. 

Micafolium, 74. 

Micauite, 73 (Table 7), 74, 80. 

Mioarta, 73 (Table 7), 74. 

Micro-ampere, 26. 

Microfarad, 2 (see Capacity). 

Mcrosol, 86. 

Middle wire (see Neutral). 
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Mil, circular, 292, 309. 

Miles Walker phase advancer, 160. 
Milliampere, 26. 

Millihenry, 2, 36. 

MiUivoltmeter, 106. 

Mineral caoutchouc, 74. 

Minimum charges, 271. 

Mining, electricity in (see Vol. 2). 

— switchgear, 379. 

Ministry of Transport, 322. 

Mixed- pressure turbines, (steam), 173. 

— -flow wheels (water), 233. 

Modulus of elasticity of metals, etc., 67 (Table 6). 
Molybdenum, 67 (Table 6). 

Mond gas, 169, 178, 195. 

Monel metal, 66 (Table 6). 

Moody ejector turbine, 220. 

Moscieki condenser, 346. 

Motor cars, electric (see Vol. 2). 

Motoe(s) (see also Vol. 2) — 

— control (see Vol. 2). 

— elementary, 132. 

— frequency and, 135. 

— -generators, 142 (see also Vol. 2). 

— meters, 112, 114. 

— panels, 386. 

— rating and temperatm*e rise of, 136. 

— types defined, 4. 

Moulded type insulators, 75. 

Moutiers-Lyons scheme, 317. 

Moving-coil instruments, 96, 101. 

— -iron ammeter and voltmeter, 100. 

— power-factor indicator, 111. 

Multiple gap arresters, 346. 

Multiway switches, 374. 

Mutual inductance, 2, 35 (see Induction). 

N AGLER wheel, 215. 

Nalder-Lipman power-factor indicator. 111. 
jSTalder and Thompson frequency meter, 112. 
Natural frequency, 47. 

gas, 167, 178. 

Needle valve, 255. 

Negative boosters, 142. 

Networks, interconnected, 142. 

NEUTRAIi — 

— conductor, 4. 

— earthing, 354. 

— of three- wire system, 141. 

— zorte and interpoles, 139. 

Niagara falls, 226. 

Nichrome, 67 (Table 6), 122. 

Nickel, 65, 67 (Table 6), 81, 127. 

— -chrome, 67 (Table 6). 

— -m'chrome couple, 12k 

— -silver, 67 (Table 6). 

steel, 65, 67 (Table 6), 82, 84. 

Nickelin alloy, 67 (Table 6). 


Ko-mag iron, 67 (Table 6). 

No-mag steel, 84. ^ 

Non-arcing metals, 346. 

Non-association cables, 281, 284. 
Non-condensing engines, 172. 

Non-inductive coils, 35. 

Norwegian water-power, 219, 243. 

Norwich system of charging for energy, 273. 
Notodden, 219. 

Notches, discharge of, 206. 

No-voltage release, 365. 

Nozzles for Pelton wheels, 263. 

Nystrom’s table, wind, 324. 

o ERSTEDS, 43. 

Official Regulations (see Electricity Commis- 
sioners ; Home Office ; etc.). 

Ohm (see also Resistance), 2, 3, 17, 19. 
Ohm’s law, 17, 21, 24, 25, 28, 40, 44, 49. 
Ohmer, 119. 

Ohmeters, 97, 119. 

Oil-break switches, 366 ei seq. 

Oiled taj)e and cloth, 74. 

Oil — 

— - fuel, 168, 178, 179. 

— -immersed fuses, 375. 

— insulators, 77. 

— switches, 367. 

— turbine, 179, 183. 

— varnish, 76. 

— waste, etc., cost, 269. 

Oil Engines — 

Diesel, 167, 179, 180. 

effect of altitude, 170. 

efficiency, 180. 

fuel consumption, 167. 

semi- Diesel, 180. 

Omega, 119. 

Ondograph, 118. 

Open Channels for Water — 

and pipes, 261. 

Bazin’s formula, 210. 

— calculating size, 211, 237. 

general, 211, 237, 251. 

gradient, 211. 

Manning’s formula, 212. 

Open circuit, 9. 

— fuses, 375. 

— penstock, 218. 

Open sparking, 376. 

Operating mechanism of switches, 372. 
Optical pyrometer, 122. '' 

Oscillating discharge, 346. 

Oscillation period, 47. 

Oscillograph, 118. 

Oscilloscope, 123. 

Outdoor switchgear, 376, 381. 

Outer wire, 4, 141. 
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Outward flow wlieel, 233. 

Over-compou|LdiQg, 138. 

Over-excited synchronous moter, 160. 
OvEESBAD Lines (see also Transmission) — 

aluminium, 308. 

breakage of, 324. 

cables u., 334. 

capacity, 305, 306. 

conductors other than copper, 308, 309, 

331. 

construction, 324. 

copper conductors, 307. 

cost, 332, 334. 

dip and stress, 328, 329. 

earthing poles, 324. 

factor of safety, 324. 

general, 324 et seq. 

impedance, inductance, etc., 299 et seq. 

insulators, 74, 330, 368. 

poles for, 329. 

reactance, etc., 299 et seq. 

regulations, 324. 

setting out, 324. 

safety devices, 324. 

Overheating insulation, 352. 

OVBBLOAB — 

— general, 338. 

— rating and, 136. 

— relays, 344, 357 et seq. 

— tripping, 372. 

Oxide film arrester, 346. 

AINT, insulating, 76. 

Palladium, 67 (Table 6). 

Panels, arrangement of switchboard, 38,5. 
Panel type switchboards, 376, 377. 

Paper as dielectric, 73 (Table 7), 74, 80, 287. 
Paper-insulated cables, 283, 287. 311. 

Para and diamagnetism, 32. 

Paraffin, 178, 179. 

— engines, 167, 180. 

— wax, 73 (Table 7), 74. 

Parallel-flow wheels, water, 233. 

— running of dynamos, 148. 

alternators, 149, 150. 

— transmission, lines, 321. 

Paxolin, 73, 74. 

Peak factor, 30. 

Pelton wheels, 20.3, 214, 215, 238, 253. 

— nozzles, 263. 

Pendulum meters, 116. 

Penstock, 6pen, 218. 

Periods ; Periodicity, 12, 136. 

Permeability, 40, 43, 81, 82. 

Permalloy, S2. 

Permanent magnets, 83. 

— magnet ammeter and voltmeter, 101. 
Permanite steel, 83. 


Peterson earth coil, 351. 

Petrol, 178, 179. 

— engines, 167, 180. 

Petroleum, 73 (Table 7), 77, 178, 179. 

Phase — 

— advancers, 160. 

— connections, 150. 

— general, 13, 66: 

— meters. 111, 157. 

— rotation, 160. 

Phenix alloy, 67 (Table 6). 

Phosphor-bronze, 67 (Table 6), 331, 335. 
Piezo-electric effect, 130. 

Pilot wires, 369. 

Pin and suspension insulators, 330. 

Pipes, Turbine — 

general, 232, 246 et seq. - - 

joints, 262. , 

line, example, 249. ^ / 

special, 250. 

Pipe- ventilated machine, 4. . ' 

Pitch, 73 (Table 7), 75. ^ 

Plant — ; !•- "■ 

— general (Chap. 7). I , 

— cost of, 196. 4 ! ‘ 

— space required, 196. : 

— spare, 190. , 

Plastic insulators, 74. f'. 

Plating vat, 127. ;\ . - 

Platinoid, 67 (Table 6). 

Platinum, 66, 67 (Table 6), 1272. 
Platinum-iridium, 67 (Table 6). n 

— -rhodium, 67 (Table 6), 122. 

silver, 67 (Table 6). 

— thermometer, 122. 

Point, defined, 4. 

‘ Point-five ’ tariff, 273. 

Polarisation, 89, 127. 

Polarised instruments, 127 et seq. 

Polarity and flow, 33. 

Poles (magnetic), number of, 138, 254 . 

— and towers for overhead lines, 86, 323 

324 et seq., 329. 

Polyphase (see Alternating current). 

Poncelet wheel, 233. 

Porcelain — 

— fuses, 376. 

— general, properties, 73 (Table 7), 74, 80. 

— insulators, 330. 

Portland cement, 76. 

Post Office bridge, 120. 

technical instructions, 324. 

Potassium, 127. 

Potential {see also Pressure) — 

— and current transformers, 108, 384. 

— difference of, 2, 22. 

— divider, 96, 107. 

— earth, 24. 

— gradient on insulators, 330. 
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Potentiometer, 96. 

Poundal, 2. 

Powell process for timber, 86. 

POWBB — 

— and work, 48. 

— apparent and true, 163. 

— consumed by instruments, 94 seq. 

— elementary, 2, 48, 65, 66. 

— lost by corona, 316. 

— stations. Chap. 7. 

— transmission. Chap. 11- 

— water {see Water-power). 

Power Factor — 

and voltage regulation, 165. 

avoidance of low, 158. 

capacity, condensance and, 156. 

causes of low, 166. 

correction, 159-162. 

Momentary, 56, 56. 

effects of, 155. 

efficiency and, 165. 

errors of instruments, 92. 

excitation and, 140. 

— — improvement, 159 et seq. 

indicators. 111, 167, 386. 

measurement, 167. 

of line, 300, 303. 

various loads, 167. 

— . — reactance, condensance and, 166. 

tariffs ani 274. 

PowER-HonsE — 

— buildings, 196. 

— data of plant, Chap. 7. 

— efficiency, 192, 193. 

— losses, 191. 

Power Required—— 

for driving generators, 164. 

charging cables, 311. 

for instruments, 94 et seq. 

excitation, 140. 

Precipitation test, 330. 

— electric {see Vol. 2). 

Preece’s formula for fuses, 342. 

Prepayment meter, 116. 

Preserving timber, 86. 

Pressboard (Presspahn), 73 (Table 7), 74. 
Pressure (Eleotricai.), E.M.F. {see also 
Volt)—. 

— and current of alternator, 143. 

— ■ definitions and elementary, 22, 24. 

— drop in cables, 286. 

and frequency, 136. 

— effective, 29. 

— excess, causes of, 345. 

— gradient, 72, 368. 

— high, medium, and low, 22, 23. 

— insulation and, 297. 

— maximum, 31. 

' — reducing coil, 96, 107. 


Pressure (Eleotbioal) E.M.F. {cant.}— 

— R.M.S., 29, 30. 

— regulation by booster, 142. 

— standard (British), 134. 

— virtual, 29. 

Pressure and Piezo effect, 130- 

— on poles, wind, 324, 329, 331. 

— in pipes, 248, 249. 

— steam, 174. 

Primary cells, 127, 128. 

Prime movers. Chap. 6. 

choice of, 189. 

Private and public supply, 185 et seq. 

Producer gas, 167, 178, 181. 

Protected machine, 4. 

Protection of circuits, Chap. 16. 

Protective reactance, 340, 

Public supply, 186 et seq. 

Pulverised coal, 168. 

Pump, Humphrey, 182. 

Purchase of energy, 186 et seq. 

Pyro-electric conductor, 72. 

Pyrometry, 122. 

Q UARTER- and half-wave transmission, 
318. 

Quartz, 73 (Table 7), 74, 130. 

Quick-break switches, 363 et seq. 

Radiation pyrometer, 122. 

Bail-bond resistance, 120. 

Rainfall and run-off, 204. 

storage, 241. 

Rain-gauge, fractionating, 204. 

Rateable value charges, 273. 

Rating of machinery, 136. 

oil switches, 369. 

Rayo alloy, 67 (Table 6). 

Reaotance — 

— alternators, 147. 

— cables, 310. 

— capacity, 46, 135, 304. 

— cods, 346. 

— component, 110, 164. 

— elementary, 44-46. 

— of shoi-t circuit, 370. 

— overhead lines, 299 et seq. 

— protective, 340. 

— switching and, 370. 

— table of, 307. 

Recalesoenoe, 64, 84. 

Recording instruments, 93, 97. 

Records in power-house, 192, 193. 

Recovery plants, 169. 

Rectangular weirs, 206. 

Rectified current, 13, 132. 

Reotifiei-s {see Vol. 2). 
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It©(i rojMS paper, 74. 
llecKi froquermy meter, 1 1 2. 

RefmetorieM*85. 

as fuel, 168. 

Ilogister gate, 221. 

Regulating storage, 231, 231). 

Regulation — 

• altennatorB, 147. 

— - turbines, low fall, 221. 

— — Pelton, 2nr>, 256. 

Regulations, o6i(;ial (.•?«« Electricity Oorntnia- 
iionera ; Homo Office ; also Vol. 2). 
Reinforced concrete poles, 323. 

Relays, 124, 343 et seq, 367 et seq, 368. 

Eehictance, 41, 42. 

liomanent magnetism, 81-83, 138. 

Romoto control, 372, 373, 378. 

KcpairB and maintonanco, 104, 269. 

Repulsion between conduetora, 338. 

Rmsrvfnra and Ht,<)rage, 230 H Hf>q. 

— balancing, 240. 

It<«idual magnetinnu 81.83, 13S. 

Rc«ins, 73, 74. 

lUakta alloy, 67 ('['able 6). 

Resistance— 

— alloys, 67 (Table 6). 

— copper, 62. 
elementary, 2, 8, 17, 10-24. 

— hard-drawn (topper, 307. 

— inimlation, UO. 

— materials, 67 ('rable 6). 
misitfuiromunt^, UO, 120. 
metak and alloys, 67 (Table 6). 

— rmctaiKt®, impedanco {q.v,)^ 44-46. 
ihunt, 138. 

— tbormomotera, 122, 

Reaiativifey, 18. 
fiesonaneo, 47, 318, 350. 

Ri^trktmi hour tariff, 272. 
lietom circuit, 9, 

Itoroi*© current and power relays, 367, 338. 
Eovoltations, mottsuring strobc^copioally, 123. 
EeyroIIe switohgear, 380. 

Ilhw^tate, 138, 385. 

Eh«»t4?na and rheotan alloy, 67 (Table 6). 
Ring maini, 383, 

Rivers, beiwte and falls on. 2(f6, 219, 228. 
Rivotwl and weldwl pi pis, 248. 

RJukam plant, 243. 

Road vehicles, electric (ms Vol. 2). 
R<iot-mf?an-»f|Mfi.re valnea, 29, 56. 

ItofMs drive, IfM, 

Rc«ln 

fiotation, phfiw!, 150. 

Rotary condenser, 160. 

— eonvert^T, 135, 156. 

Rotor, 133, 

Rubber, 73-75, 287. 

Rublwirixl tapf\ 74. 


Rule — 

— Ampere’s, 33. 

— Crompton’s, 33. 

— Fleming’s, 36. 

— Maxwell’s, 32. 

Buies, Wiring, of the I.E.K., 4, 68, 162, 280 
et seq., 293, 382. 

— and regulations (see Board of Trade ; 

Electricity Commissioners ; also Vol. 2), 

— as to switchgear, 382. 

Buping process, 86. 

Rupturing capacity of switches, 369-371. 
Butger process, 86. 

S.W.G., 279. 

Sfiachom plant, 243. 

Saccharine process, timber, 86. 

Safety devices, 324. 

Sag of overhead lines, 328, 329. 

Sale of energy, 268, 270 et seq. 

Sand traps, 238, 240. 

Saturation density, 81, 82. 

Sawdust as fuel, 168. 

SB alloy, 67 (Table 6). 

Scales for instruments, 91. 

Soherbius phase advancer, 160. 

Secondary colls, 127 (sec also Vol. 2). 

Seower turbine governing, 255. 

Selective protection, 367 et mq. 

Selector switches, 362, 

Solf-balanco system, 369. 

— -exciting, 133, 140. 

— -inductance, 2, 35. 

Semi- Diesel engine, 179, 180. 

Scmi-enclosed machine, 4. 

Separate excitation, 133, 140. 

8mtm — 

— dynamos, 138. 

— -—in parallel, 148. 

— insulators in, 330. 

— rf-sistance in voltmeter, 107. 

— winding, 134, 317. 

Setting out overhead Hnes, 324. 

Shaped conductor cables, 311. 

Sheathed cables, 359 (j»ee Intersheaths). 

— pilot system, 369. 

Shellac, 73 (Table 7), 74, 75. 

Ship propulsion, oleotrio (see Vol. 2). 

Shoet CrECfUiT — 

general, 26, 337, 338. 

isolating switches and, 338. 

— • — in switches, 368. 

— — reactance, 370. 

Short- time rating, 136. 

Shunts in instruments, 107. 

Shunt— 

— current, 138. 

— discharge path, 367. 
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Shunt {cont .) — 

— dynamo, 138. 

in parallel, 148. 

— resistance, 138. 

— winding, 134. 

Siemens (horn) arrester, 346. 

SiHca, 73, 74, 85. 

Silicon-bronze, 67 (Table 6), 329, 331, 335. 
Silicon-steel, 67 (Table 6). 

SiHt, 67. 

Silk, 73 (Table 7), 74, 80. 

Silt' traps, 238, 240. 

SOuminite, 73 (Table 7). 

Silver, 66, 67 (Table 6), 127. 

Sine wave, 11, 30, 350. 

Single-core cable, 319. 

SlNOLH-PHA-SB (see also Alternating current ; 
Transmission of power) — 

— alternator, 134, 143. 

— capacity and charging current, 305. 

— elementary, 11. 

— power, 110. 

— transmission, 297, 299 et seq. 

Single- pole switch, 4. 

Six-phase transmission, 319, 

Size of wires, 279, 307. 

Skin effect, 38, 1.36, 309. 

Slate, 73 (Table 7), 74. 

Slip and stroboscope, 123. 

Slip-ring, 133. 

Slope of stream bed, 210. 

Sluices, 213. 

Snow on wires, 324, 331. 

Soapstone, 74. 

Sodium, 127. 

Sodium-silicate cement, 76. 

Solenoids, 366. 

Solid insulatoi-s, 74. 

— laid cables, 290. 

Solignum, 86. 

Spacing of overhead lines, 327. 

Span and dip of overhead lines, 324, 327, 329. 
Spare plant, 189, 190. 

Spake gap — 

arresters, 346. 

general, 89. 

voltage, 78- 

voltmeter, 105. 

Sparkless commutation, 139. 

Spear and nozzle, 266. 

Special pipes, 260. 

— switches, 374. 

Specifications (see Vol. 2). 

Specfic gravity and specific heat of metals, 
etc., 67 (Table 6). 

— inductive capacity, 46, 60, 70. 

SpEcmo Resistance — 

dielectrics, 70, 71. 

electrolytes, 68. 


SPBomo Resistance (go tit .) — 

general, 69. 

metals, etc., 67 (Table 6), 

steel and iron, 82. 

— speed, 215, 233. 

Speed — 

— and frequency, 123, 136. 

head, 223. 

— measurements, 123. 

— specific, 215, 233. 

— turbines (steam), 145. 

— water wheels, 222, 254. 

Spiral casing, 233. 

Spirit varnish, 76. 

Split conductor system, 288, 290, 369. 
Spouting velocity, 214. 

Spring control, 90. 

— operated fuses, 376. 

Square-mile foot, 202. 

Stabiht, 74. 

Stalloy, 82. 

Standard — 

— British E.S.A. (q.v). 

— cells, 96, 128. 

— conductors, 279. 

— frequency, 134, 136. 

— instrument transformer, 1 08. 

— measurements, 96. 

— oil-break switches, 371. 

— pressures (British), 23. 

— rating, 136. 

— resistance, 20, 96, 106. 

— station pressure, 134. 

— wire gauge, 279. 

Standing charges, 272. 

Stand-pipe, 232, 249, 261. 

Star and delta connections, 143, 314. 

— -delta connection, 168. 

Static condenser and power factor, 160. 
Station pressure, 23. 

Statistics of power, 166, 192, 193. 

Stator, 133. 

Stay wires, 326. 

Steam — 

— accumulator, 177. 

— boilers, 170. 

— condensers, 176, 191. 

— consumption, engines, 167. 

turbines, 167, 173. 

— cycle, 166. 

— fuel and, consumption, 167. 

— turbines, 146, 167, 173, 174, 189. 

consumption, 167, 173. 

cost, 195. 

— and water-power compared, 217. 
Steatite, 74. 

Steel — 

— conductors, 328, 

— magnetic and nou-magnetic, 81 et seq. 
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Steel { cont .) — 

— overhead jPires, 328, 331. 

— Pipes, turbine). 

— poles, 323. 

— properties, 64, 82. 

— skin effect, 309. 

— wires, 331. 

constants of, 309. 

Step-down transformer, 108. 

Still engine, 179. 

Stirling boiler, 170. 

Stone insulators, 74, 330. 

Storage batteries [see Secondary cells). 

Storage of fuel, 168, 196. 

Storage of Water — 

approximations, 202. 

dams and, 225. 

flow and, on medium head plants, 

229. 

lugh head plants, 234 et 

' seq. 

mass curves and, 209. 

plants depending on, 241 et eeq. 

regulating, 239. 

Streams, discharge of, 206. 

Strength of poles, 325. 

Stress {see Breaking stress). 

String electroscope, 96. 

— galvanometer, 96. 

Stroboscopes, 123. 

Submarine cables, 198, 292, 329. 

Sub-stations (see VoL 2). 

— out-door, 381. 

Suction (producer) gas, 167. 

— head, 214, 218, 220, 232, 233. 

Sulphur, 73 (Table 7). 

Suker engine, 172. 

Summation meters, 116. 

— panels, 386. 

Sumpnor wattmeter, 109. 

Sun-power, 166. 

Superheating, 170, 172, 174. 

’ Superior ’ aUoy, 67 (Table 6). 

Supply, Electmo (see also Vol. 2, Systems of 
supply)— 

charges (see Tariffs). 

interruptions to, 356. 

meters, 113 et seq. 

Surface condenser, 176. 

— velocity of stream, 206, 210. 

^Surges, 46. 

— lightning, 346. 

— switching, 349. 

Surge tower, 232, 249, 251. 

Suspension insulator, 330. 

Switches (^ee also Vol. 2, Branch switches, 
etc.) — 

— general, 362 et seq. 

— oil for, 77. 


Switches ( cont .) — 

— ratings, 369. 

— surges in, 349. 

Switchboards and Gear, Chap. 16 — 

defined, 4. 

rules as to, 382. 

Symbols, conventional, 6. 

Synchronous — 

— alternators, 143. 

— motors and power factor, 166, 168, 160. 

— speed and frequency, 136. 

Synchronising, 149, 321. 

Synchroscope, 149, 385. 

Synthetic — 

— insulators, 74. 

— resins, 76. 

Syntony, 47. 

‘System,* 4. 

Systems of supply ; of Wiring (see Vol. 2). 
race, 267. 

Talc, 74. 

Tangent galvanometer, 96. 

Tank arrester, 346. 

Tantalum, 67 (Table 6). 

Tapping overhead lines, 324. 

Tariffs for Electric Supply — 

and power factor, 274. 

examples, 276. 

fiLxed charges per kw., 272. 

flat rates, 270. 

general. Chap. 12. 

Glasgow, 273. 

maximum demand, 272. 

Metropolitan, 273. 

minimum charges, 271. 

— Norwich, 273. 

point-five, 273. 

power factor and, 274. 

rateable value, 273. 

restricted hour, 272. 

standing charge plus unit, 272. 

‘ telephone,* 272, 273. 

Wright’s, 272. 

Tarnac alloy, 67 (Table 6). 

Tar oils, 169, 178, 180. 

Tarpon paper, 74. 

Telephone — 

— general, 336. 

— loading, 82. 

— system of charging, 272, 273. 
Temperature — 

— absolute, 166. 

— coefficient of metals, etc, 60, 61, 66, 
copper, 62. 

electrolytes, 68. 

— dielectric loss and, 312. 

— electrical measurement of, 122. 
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Temperature { conL ) — 

— errors of instruments, 92. 

— limits, insulators, 80. 

— machine, moan, 122. 

— rise, cables, 291. 

overhead hnc, 328. 

standard rating and, 136. 

switches, 369. 

— specific resistance and, 71. 

— steam, 170, 172, 174. 

Tensile strength of metals, etc., 67 (Table 6). 
Terminal insulator, 330. 

— stays, 326. 

Testing {see, Vol. 2) — 

— earth plates, 348. 

— insolators, 330- 

— sets, 106. 

HiaUium, 67 (Table 6). 

Therlo alloy, 67 (Table 6). 

Therm, 48, 178. 

Thermal conductivity. 85. 

— efficiency, 166, 167, 181, 183, 188, 191. 

internal combustion engines, 179. 

turbines, 173. 

— instruments, 89 et seq. 

— storage, 177. 

maximum demand indicator, 117. 

Thermo-ammeter, 99. 

— -couples, 89, 99, 122, 129. 

Thickness of water-pipes, 248, 249. 

Thompson watt-hour meter, 115. 

Three-core cables, 311. 

Three-phase {see Alternating currents, 
3- phase). 

Three-wire system, 4. 

Throw-over switch, 363. 

Thury system, 289, 294, 317. 

Tidal power, 230. 

Timber preservation, 86, 323. 

Time element fuses, 342 e,t seq. 

relays, 344, 357 el seq. 

— switches, 272, 372, 374. 

Tin, 65, 67 (Table 6), 127, 342. 

— fuses, 342. 

Tinning on copper, 282. 

Tirril regulator, 147, 160. 

Totally enclosed motor, 4. 

Tough rubber compound (C.T.S.), 74. 
Tourmaline, 130. 

Town gas, 178. 

— refuse as fuel, 168. 

Traction, electric {see Vol. 2). 

Transformation of energy {see VoL 2). 
Transformers {see also VoL 2) — 

— boosting and bucking, 142. 

— current, 108, 384. 

— elementary, 36 et seq. 

— frequency of, 136. 

— line calculations and, 313. 


Transformers { co 7 it .) — 

— oil for, 77. 

-- potential, 108, 384. 

— power factor and, 166. 

— rating of, 136. 

Transil oil, 77. 

Transmission of Power {see also Overhead 
lines) — 

aluminium conductors for, 308, 324, 

328, 331. 

bronze conductors for, 331. 

cables for, ^10 et seq. 

control and, Part III. 

C.C. and A.C calculations, 294 

et seq. 

I copper conductors for, 307. 

I cost of, 332, 334. 

I half- and quarter- wave, 318. 

I high pressure, 315 et seq. 

\ lines, cost, 332, 334. 

and frequency, 1 35. 

' parallel, 321. 

steel conductors for, 309. 

six-phase, 319. 

water-power and, 217. 

1 Transposition of telephone wires, 335. 

I Triangular notch measures, water, 205. 
i Triple expansion engines, 172. 

Trip-coil, 343 et seq. 

I — mechanism, 372. 

; Truck type switchgear, 380. 

, True and apparent power, 66. 

Tubular poles, 323. 

Tumbler switch, 363- 
Tungsten, 66, 67 (Table 6). 

— alloys, 83. 

! — steel, 65. 

I Tunnelling, water-power, 228, 242. 

I Turbines, gas, and oil, 179, 183. 

I Turbines, Steam — 

I exhaust steam, 173. 

I engines compared with, 189. 

I general, 173, 174. 

I speeds, 146. 

steam consumption, 167. 

Turbines, Water — 

Banki, 233. 

general, 182, 201 ei seq.t 214. 

Girard, 233. 

governors for, 256. 

Kaplan, 215. 

Nagler, 215. 

! Pelton wheel, 203, 214, ‘"216, 238, 

■ 253. 

: specific speeds, 215. 

i speeds for driving altemators,, 254, 

i Turbo-alternators, 145, 146, 173. 

I Turpentine, 73 (Table 7). 

I Two-phase, 16. 
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Two-rata meter, 116. 

Two wattm^r method, 1 10, 
Types of instriimenta, 89 d seq. 


U NBAI,.ANCED A.C. cinmits, 110. 
Underground trausmimion, Chap. 11. 
Undertakers and wayleaves, 322. 

supply, 268. 

Under-water cables, 329. 

Uniliow engines, 172. 

‘ UninmUatwi ’ defined, 4. 

Units, aliBolnkf and {traetical, 1. 
(kWh.), 62. 

— ■ generattjd and 269. 

Unwin’s eoeffi<‘ientH, 266. 


AUlJUM, inipregimtitm in, 76. 

— turbine, 174. 

Variable heads, water, 223. 

ratio tappinp, 142. 

Varloy’s methwi for phase wjciuenc©, 160. 
Varnish, dldmtth., 73 (Table 7), 76, 287. 
Varnishwl tajxj and cloth, 74. 

Vehicles, elcKstric r<sui- {sm Vol. 2). 
Vw/icrTY”— 

and prttwure of wind, 324, 329, 341. 
-- in pipes, 232, 247. 

—■ of appr<»eh, 2W. 

strwtmt, 206, 210. 

■— spouting, 214, 

Ventilation of generatora, 146, 356. 
Vermork pkni 243. 

Vibration galvanometer, 96. 

Virtual valu», 29. 

Vitreoui intulatori, 74, 

Volt, 2, 3, 8, 17 i^m aha l*rmmtro), 
average and maximum value, 30, 31. 

— effective or virtual, 29. 

-am|iere, 153, 

Vowaa*— 

— abnormal, 345 d mi, 
iKK^tittg, 142. 

— regulation of alterrmtors, 1 17. 

— -««• and fKJwer fmUir, 155, 

-- regulatow, 147, 160, 339, 

— resoimnco, 350. 

. Volt-lwx, 95, 107. 

Volta lint in 24, 286. 

VilLTMETlfc » 

clintrf)«iatk, 103, 104, 107. 

— general, OT-iCHh 385. 

— hof.-wlrt% 99- 

«“ wconling, 03, 97. 

ipark-gap, UWi. 

*-» 149. 


VULCANIHEU — 

— bitumen, 74, 283, 287. 

— fibre, 73 (3’ahlo 7) 74. 

— indiarubbor, 74. 

cables, 283, 287. 

Vulcanite, 73 (Table 7), 74. 


I AGE8, pnwor-houHe, 194, 209, 

i Waste gas as fuel, 168. 

! — lu'tat utilisation, 176, 188. 

! WATEIfc— 

! circulating, 175. 

; constants of, 202. 

-- -cooIckI genera tors, 146. 
edeetrolyte, 69. 

— - evaporation, 50, 52, .53. 

— -gas, 178. 

— -jet arr(^st(?r, 346. 

— pilHJS, power {sm Ifijms, t.url>iue). 

— -tube boiler, 1.70. 

Water Htohaok and Power- - 
. — — automath^ plants, 187, 

— Bazin’s formula, 210, 211. 

eonsurnpton, low head, 222. 
tjusee, 25, 20 L 
- discharge) of str(*ams, 2(Ki. 
falls, 220. 

— . gencsral, Uhaiw. 8-10. 

head, 201, 218-233, 247. 

— headworks, 230. 

— high falls, Chap. 10. 

. Kelvin’s law and, 333. 
lew fails, 218-223. 
h!vel reoorders, 208. 

Manning’s formula, 212, 
m(*an and siirface velocity, 206, 
210 . 

measuHrig flow, 205 d mf, 

.... ...... medium falls, 224-233. 

meters, currcint, 207. 

. ... ..... nozzles, 253. 

--- * ofsju (diannels, 211, 212, 237. 

-- Belton whisds, 203, 214, 215, 

238, 253, 

-- . - - pipes and joints, 232, 240 et 

mq. 

|K>werand head, 201, 223, 

enst, 216. 

rainfall, giaiges, and run-ott', 204, 
241. 

...... it^TOge, 202, 2tHb 225. 229, 234 

d 24 1 d miq, 
tall face, 257, 

turbines, 182, 201 d .*««/., 214, 
215. 233, 256. 
variable hmd», 22il. 

»«. watershid cr«slugs, 242. 
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Watt — 

— and power factor, 163. 

wattless component, 154. 

— definition and elementary, 2, 3, 48-50. 

— eqnivalenis, 2, 48. 

— kilo {see kilowatt). 

— -meters, 97, 109. 

Watt- HOUR — 

— equivalents, 52. 

— meters, 97, 113, 116, 385. 

Wattless component, 110, 117, 154. 
Wattless Cubrents — 

and tariffs, 274. 

in cables, 312. 

centralised production of, 161. 

general, 37. 

Wave form, 30. 

Wayleaves, 322, 

Waxes, insulating, 74, 

Weight — 

— copper wire, 62, 307. 

— oil switches, 371. 

— - water pipes, 248, 249. 

Weir, discharge of, 206. 

— floating, 244. 

Wei bourn’s construction, 303. 

Welded and riveted pipes, 248. 

Welding, electric {see Vol. 2). 

Weston — 

— cell, 128. 

— frequency meter, 112. 

— synchroscope, 149. 

Whalebone paper, 74. 

Wheatstone’s bridge, 97, 120, 348. 

Wicket gate, 221. 

Wild frequency changer, 112. 

Wimshurst machine, 131. 

Windings, 133. 

Wind power, 166. 

— pressure, 324> 329, 331. 


Wires (see also Gables ; Conductors ; Over- 
head lines) — 

— aluminium, 290, 324, 328, 331. 

— and poles, 324 et seq. 

— bare, 4. 

— bronze, 331. 

— copper, 279 et seq, 307. 

— earth, 347. 

— flexible, 284, 285. 

— gauge, 279. 

— fusing currents in, 342. 

— general. Chap. 13. 
hard-drawn copper, 307. 

— overhead {see Overhead wires). 

— pilot, 359. 

— steel, etc., 331. 

Wireless, 47. 

Wiring Circuits, Systems, and Control {see 
Vol. 2). 

rules of the I.E.E., 4, 58, 152, 280 et seq., 
293, 356, 382. 

definitions, 4. 

Wood — 

— as dielectric, 73 (Table 7), 74. 

— fuel, 168. 

— poles, 86, 323. • 

Work and jjower, 2, 48, 62. 

Works costs, 194, 269. 

Wright’s M.D. indicator, 117, 272. 

Y-CAPACITY, 306. 

Y-connection, 143. 

Young’s modulus, 324. 

2^ INC, 66, 67 (Table 6), 127, 346. 
Zirconium, 67 (Table 6), 86, 

Zodiac alloy, 67 (Table 6). 
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